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Abstract 
Clostridium acetobutylicum P262 is an endospore-forming 
Gram-positive anaerobic bacterium, and it has been used in 
the industrial production of acetone and butanol for many 
years. The aim of this study was to characterize the 
upstream region of the ~hbd gene which is linked to the adhl 
gene, and to investigate the expression of these linked 
genes by transcriptional analysis. 
The upstream region of the ~hbd gene was isolated from a 
gene bank of C. acetobutylicum P262, constructed using the 
pWE15 cosmid vector. Characterization of this upstream 
region was done initially at the nucleotide sequence level. 
Nucleotide sequence analysis revealed an open reading frame 
(ORF) of 1002-bp which encoded a protein of 334 amino acid 
residues with a calculated Mr of 35,679. This protein showed 
significant amino acid homology to the FIXE protein of 
Rhizobium meliloti and Azorhizobium caulinodans and the 
electron transport flavoproteins from humans and rats. 
Studies on the expression of the three linked genes fixE, 
~hbd and adhl were carried out at the transcriptional level. 
Northern and primer extension analyses indicated that all of 
the three genes were independently transcribed throughout 
the various stages of the acetone-butanol-ethanol (ABE) 
fermentation in C. acetobutylicum P262. Each of the genes 
ii 
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produced mRNA transcripts of approximately 1.4 kb. The ~hbd 
and adhl genes were shown to have at least two major and one 
minor transcriptional start sites in C. acetobutylicum P262. 
Transcription was initiated at the same promoter region of 
the fixE gene in both C. acetobutylicum P262 and Escherichia 
.. 
coli. the ~hbd gene was shown to have a stronger promoter 
region than those of the fixE and adhl genes based on the 
lacZ-fusion studies in E. coli. 
The ~hbd and adhl genes encode the 3-hydroxybutyryl-CoA 
dehydrogenase (BHBD) and the NADPH-dependent alcohol 
dehydrogenase (ADH), respectively. The BHBD enzyme is part 
of the central fermentation pathway and is required for acid 
and solvent production, whereas the ADH is part of a 
branched sol vent pathway and is only required for sol vent 
production. Analysis of mRNA transcription and the 
identification of transcription initiation sites, indicated 
that each of these two genes was independently and 
constitutively transcribed throughout the acidogenic, 
sol ventogenic and sporulation stages in C. acetobutylicum 
P262 and in exponential E. coli cells. These results suggest 
that the adhl gene is not part of a branched solvent pathway 
which is only induced and transcribed during the 
solventogenic phase. 
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Chapter 1 
General Introduction and Literature Review 
1 .1 A General Review of the Acetone-Butanol-Ethanol (ABE) 
Fermentation 
Clostridium acetobutyl~cum is a strictly anaerobic, Gram-positive 
spore forming bacterium (O'Brien and Morris, 1971). The actively 
growing cells are very motile, straight rods with round ends 
(Spivey, 197 8) . This organism has been isolated from various 
sources such as soil, corn and potatoes (Volesky et al., 1981). A 
wide range of carbohydrates are easily fermented by this 
microorganism to acetic and butyric acid intermediates, which are 
then converted to the neutral end products acetone, butanol and 
ethanol in the ABE fermentation (Prescott and Dunn, 1959; Jones 
and Woods, 1986a; 1989). The morphological (Jones et al., 1982), 
physiological (Prescott and Dunn, 
and biochemical (Duong et al., 
1959; Walton and Martin, 1979) 
1983; Zeikus, 1983) changes 
associated with the ABE fermentation have been well documented 
(Jones and Woods, 1986a; 1989; Rogers, 1986 ) . 
Three distinct physiological stages of C. acetobutylicum were 
found in the conventional batch ABE fermentation by C. 
acetobutylicum (Jones et al., 1982). The initial growth phase is 
characterized by highly motile dark rods and vigorously 
dividing cells. During this logarithmic phase of growth, sugars 
are converted into acetic and butyric acid which causes the pH to 
drop in the medium (Fig.1.1 ) . This phase is appropriately known 
2 
as the acidogenic growth phase. The relative amounts of acids 
present at this growth phase can be correlated with the ratio of 
acetone and butanol produced in the next, or solventogenic, 
growth phase (Martin et al., 1983). A shift in the carbon flow 
from the acid producing pathways to the solvent producing 
pathways has been found to coincide with the minimum pH (the pH 
break point) and with the start of the solventogenic growth phase 
(Jones et al., 1982). It has been recognized from an early stage 
that the pH breakpoint is crucial for solventogenesis to occur. 
(Speakman, 1920; Davies and Stephenson, 1941). In the 
solventogenic phase, cell division ceases, organic acids are 
reassimilated, the uptake and consumption of the carbohydrate 
substrate continues, and the solvents acetone, butanol and 
ethanol are produced. 
Just prior to the pH breakpoint, the intracellular accumulation 
of granulose begins and cell motility ceases. The cellular 
morphology associated with the solventogenic phase is 
characterized by phase bright, encapsulated, granulose filled, 
non-motile, swollen rod shaped cells. These cells are termed the 
clostridial form (Jones et al., 1982; Long et al., 1984a; 
Reysenbach et al., 198 6) . 
The industrial ABE fermentation is carried out with a starting 
concentration of carbohydrates of approximately 6.0 to 6.5 % w/v 
(Spivey, 197 8; McNeil and Kristiansen, 1985) . 
especially that of butanol, begins at a 
approximately 2% (w /v) (van der Westhuizen 
Sol vent toxicity, 
concentration of 
et al., 1982). 
Ultimately, only one third of the available carbohydrates in the 
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Fig. 1.1 Physiological (A) and morphological (B, C) profiles for 
a typical C. acetobutylicum batch fermentation. Symbols for panel 
(A) are the following: v, pH; o, total acids (g 1-1 ); 0, total 
solvents (g 1-1 ). Symbols for panel (B) are the following: o , 
motility; b. , granulose cells; 0 , clostridial stage cells. 
Symbols for panel (C) are the following: 2, 3, 5, 7, represent 
different stages in the sporulation cycle, 2:forespore septation; 
3: engulfment of prespore; 5: cortex formation, inner and outer 
coat formation; 7: release of mature spores; respectively. All 
data in panel (B, C) are expressed as a percentage of the total 
cell count. (Data courtesy of B. Babb and H. Collett, with 
permission) . ~ 
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medium are converted into solvents. Therefore, a starting 
concentration of carbohydrates greater than 6. 0 to 6. 5 % is 
unnecessary. A typical batch ABE fermentation yields 15 to 22 g 
1-1 of solvents with an acetone: butanol: ethanol ratio of 3:6:1 
(Spivey, 1978; Jones et al., 1982). 
Industrial ABE fermentations were generally stopped prior to 
sporulation, when the maximal concentration of solvents was 
obtained. It has been reported that a small proportion of cells 
developed into mature spores at this stage (Jones et al., 1982). 
When a high solvent concentration was reached, most of the 
clostridial forms did not develop into sporulating cells, but 
rather degenerated into non-viable cells. 
1.2 Biochemistry and physiology of C. acetobuty~icum 
The biochemical pathways and the involved enzymes for the 
fermentation of carbohydrates to acids, gases and neutral 
solvents by C. acetobutylicum has been well documented (Doelle, 
1975; Gottschalk, 1979; Andersch et al., 1983; Hartmanis and 
Gatenbeck, 1984; Hartmanis et al., 1984; Ballongue et al., 1986; 
Hartman is, 198 7; Dtirre et al., 1987; Matta-El-Ammouri et al., 
1987; Papoutsakis and Bennett, 1991). The general relationships 
between the biochemical pathways and the fermentation aspects of 
C. acetobutylicum have been outlined in the reviews by Rogers 
(1986) and Jones and Woods (1986a, 1989). 
I 
I 
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1.2.1 Central pathways 
The same pathway for the catabolism of carbohydrates to pyruvate 
is used by C. acetobutylicum in both the acidogenic and 
solventogenic stages of growth (Fig.1.2). Hexose sugars are 
metabolized via the fructose biphosphate pathway (Embden-Meyerhof 
pathway) where 1 mol of hexose yields 2 mol of pyruvate with the 
net production of 2 mol of ATP and 2 mol of NADH (Rogers, 1986; 
Jones and Woods, 1986a ) . Pentose sugars can also be utilized by 
C. acetobutylicum via the pentose phosphate pathway (Zeikus; 
1980; Volesky and Szczesny, 1983)·. Three mol of pentose are 
phosphorylated at the expense of 3 mol ATP. After the 
transketolase-transaldolase reactions, three mol of pentose-5-
phosphate are converted to 2 mol of fructose 6-phosphate plus 1 
mol of glyceraldehyde-3-phosphate which is further metabolized to 
pyruvate. In the end, the· conversion of 3 mol pentose yields 5 
mol of pyruvate with the net production of 5 mol ATP and 5 mol 
NADH (Fig.1.2). 
Pyruvate is cleaved phosphoclastically by the enzyme pyruvate 
ferredoxin (Fd) oxidoreductase in the presence of coenzyme A 
(CoA) and oxidized Fd to yield carbon dioxide, acetyl-CoA and 
reduced Fd ( Rogers, 1986; Jones and Woods, 1986a ) . Acetyl-CoA 
is the key intermediate in the branched fermentation pathway for 
acid and solvent production. Two mol of acetyl-CoA is condensed 
by acetyl~CoA acetyltransferase to form another key intermediate, 
acetoacetyl-CoA, in a single step reaction. However, butyryl-CoA, 
the third key intermediate, is formed from acetoacetyl-CoA by 
pentose 
pento .. ® 
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Fig. 1.2 Biochemical pathways in C. acetobutylicum. Bold 
arrows indicate reactions which predominate during 
solventogenesis. Enzymes are indicated as follows: (A) 
glyceraldehyde 3-phosphate dehydrogenase; (B) pyruvate 
ferredoxin oxidoreductase; (C) NADH-ferredoxin oxido-
reductase; (D) NADPH-ferredoxin oxidoreductase; (E) NADH 
rubredoxin oxidoreductase; (F·) hydrogenase; (G) phosphate 
acetyl transferase; (H) acetate kinase; (I) thiolase; (J) 
3-hydroxybutyryl-CoA dehydrogenase (BHBD); (K) crotonase; 
{L) butyryl-CoA dehydrogenase; (M) phosphate butyryl 
transferase (PBT); (N) butyrate kinase (BK); {0) 
acetaldehyde dehydrogenase; (P) ethanol dehydrogenase ; (Q) 
butyraldehyde dehydrogenase (BAD); (R) butanol dehydrogenase 
(BDH)_; {S) acetoacetyl-CoA:acetate/butyrate:CoA transferase; 
(T) acetoacetate decarboxylase; (U) phosphoglucomutase; (V) 
ADP-=-·glucose pyrophophorylase; (W) granulose synthase; (X) 
granulose phosphorylase (Jones and WoodS,1986a). 
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three sequential enzymes which include 3-hydroxybutyryl-CoA 
dehydrogenase (BHBD), crotonase and butyryl-CoA dehydrogenase. 
The presence of these 5 enzymes responsible for the breakdown of 
pyruvate to butyryl-CoA has been shown in C. acetobutylicum 
(Waterson et al., 1972; Hartmanis and Gatenbeck, 1984; Wiesenborn 
et al., 1988). 
1.2.2 Acid producing pathways 
The production of acetate and butyrate from acetyl-CoA and 
butyryl-CoA occurs in an analogous set of reactions. However the 
enzymes involved in these reactions are unique to each pathway 
(Andersch et al., 1983; Hartmanis and Gatenbeck, 1984; Jones and 
Woods, 1986a; Rogers, 1986). The acetyl phosphate and butyryl 
phosphate are produced from their corresponding CoA-precursors by 
phosphate acetyltransferase (phosphotransacetylase, PTA) and 
phosphate butyryltransferase (phosphotransbutyrylase, PTB) 
respectively. These acyl-phosphates are metabolized to acetate 
and butyrate by acetate kinase (AK) and butyrate kinase (BK) , 
respectively, with the production of one ATP for each acyl-
phosphate converted. The CoA-transferase has been found to be 
responsible for butyrate formation in Clostridium kluyveri 
(Stadtman, 1952) and Clostridium aminobutyricum (Hardman and 
Stadtman, 1963) . A similar transferase involved in butyrate 
synthesis has been demonstrated in C. acetobutylicum (Hartmanis 
and Gatenbeck, 1984; Htisemann and Papoutsakis, 1989). 
Under normal conditions the lactic acid pathway via pyruvate is 
not utilized in C. acetobutylicum. However, when the mechanism 
8 
for proton and electron disposal via the generation of hydrogen 
gas is blocked, the lactic acid pathway provides an alternative 
route to allow for energy generation and the oxidation of NADH to 
continue (Kim et al., 1984; Kim and Zeikus, 1985). 
It has been reported that acetoin is produced and accumulated as 
an intermediate when the electron disposal is blocked and under 
these conditions the pyruvate-lactate pathway becomes operational 
(Doremus et a1.,1985). Acetoin can reduce the efficiency of 
acetone production by mimicking the structural analogue of 
acetoacetate which is a precursor for acetone production. 
1.2.3 Solvent producing pathways 
As with the production of acids, the production of ethanol and 
butanol proceeds via a set of analogous reactions. Acetyl-CoA and 
butyryl-CoA are converted to acetaldehyde and butyraldehyde, 
respectively, through a dehydrogenation step (Fig.1.2). It 
remains to be confirmed whether two unique aldehyde 
dehydrogenases exist and whether they function independently. 
This seems likely as ethanol can be produced independently of 
acetone and butanol (Jones and Woods, i 98 6a; Bertram et al., 
1990) . The regulatory mechanism for ethanol production may be 
different from that for butanol production, since ethanol has 
been shown to be produced constitutively in both the acidogenic 
and solventogenic phases (Bertram et al., 1990). Two separate 
alcohol dehydrogenases have been shown to be responsible for the 
conversion of acetaldehyde , and butyraldehyde to ethanol and 
9 
butanol, respectively. In both C. acetobutylicum and C. 
beijerinckii, a NADPH-dependent butanol dehydrogenase (BDH-NADPH) 
and a NADH-dependent ethanol dehydrogenase (ADH-NADH) have been 
found to catalyze these two reactions, respectively (George and 
Chen, 1983; Rogers, 1986). However, a NADH-dependent butanol 
dehydrogenase (BDH-NADH) has been identified and purified from C. 
acetobutylicum (Welch et al., 1989), suggesting that alcohol 
dehydrogenases could exist in multiple forms in this organism and 
that they could function independently 
conditions. The details of NADPH- or 
under different growth 
NADH-dependent alcohol 
dehydrogenases responsible for the production of butanol remain 
to be resolved (Bertram et al., 1990; Grupe and Gottschalk, 
1990). 
A two step process is involved in the production of acetone from 
the key intermediate, acetoacetyl-CoA. The acetoacetyl-CoA is 
metabolized irreversibly by acetoacetyl-CoA:acetate/butyrate:CoA 
transferase (CoAT) and acetoacetate decarboxylase (AADC) enzymes 
with the concurrent production of carbon dioxide (Davies, 1943; 
Andersch et al., 1983; Ballongue et al., 1985; Hartmanis et al., 
1984; Wiesenborn et al., 1989a; Cary et al., 1990) .. 
During the solventogenic phase, acetic and butyric acids are 
reassimilated and the pH of the medium increases. This 
reassimilation only occurs with the concurrent consumption of 
sugars (Davies and Stephenson, 1941; Hartmanis et al., 1984). 
The addition of extraneous acetate and butyrate was shown to 
enhance the yields of acetone and butanol. The reassimilation of 
acetate and butyrate into butanol was confirmed by 14c-
10 
radioactive tracer techniques. Most of 14c-labelled acetate or 
butyrate was converted into butanol. Only small amounts of the 
labelled acetate or butyrate were recovered as acetone (Wood et 
a1.,1945). The half life of butyrate in the ABE fermentation was 
determined to be about 20 min while a complete turnover of acids 
occurred within 2 h (Rogers, unpublished results, Clostridium 
Workshop, Salisbury, UK, 1990). Hence, the majority of the 
acetate and butyrate taken up by C. acetobutylicum is converted 
to butanol very rapidly. More studies have been focused on the 
effect of short chain fatty acids on the fermentation yields of 
C. acetobutylicum (Gottschal and Morris, 1981b; Bahl et al., 
1982a; Martin et al., 1983; Clark et al., 1989; Wiesenborn et 
a1.,1989a; Htisemann and Papoutsakis, 1990). Ballongue et al. 
(1985) reported that 
propionate and butyrate 
linear fatty acids (formate, acetate, 
) were able to function as inducers of 
acetoacetyl decarboxylase biosynthesis whereas c 5 and c 7 linear 
fatty acids were not. The mechanism of acetate and butyrate 
uptake during reassimilation has been illustrated by the study of 
Andersch et al. (1983). As shown in Fig.1.2, acetate and butyrate 
can accept CoA during the conversion of acetoacetyl-CoA to 
acetoacetate which is catalyzed by the enzyme, acetoacetyl-
CoA:acetate/butyrate:CoA transferase. The irreversible 
decarboxylation of acetoacetate by the acetoacetate decarboxylase 
has been postulated to drive the transferase reaction toward the 
formation of acetoacetate (Hartmanis et al., 1984). 
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1.2.4 Energy and electron transfer 
Ferredoxin (Fd) is an important electron carrier in the metabolic 
pathways of C. acetobutylicum (Jungermann et al., 1971a). It is a 
small Fe-S containing protein which is capable of accepting and 
donating electrons at a very low potential (E0 '= -410 mV, about 
equivalent to that of the H2-electrode). In C. acetobutylicum, 
four enzymes are known to require Fd for full functionality. The 
pyruvate-Fd-oxidoreductase transfers electrons from the 
phosphoroclastic cleavage of pyruvate to oxidized Fd to yield 
reduced Fd. The hydrogenase utilizes the electrons carried by 
reduced Fd and, together with protons, produces molecular 
hydrogen. Another enzyme, NADPH-Fd oxidoreductase, can also use 
reduced Fd to produce NADPH in a controlled manner. Since most 
clostridia lack the enzymes required for the oxidation of 
glucose-6-phosphate to produce NADPH (Jungermann et al., 1973), 
this appears to be the only route for the production of NADPH 
which is required for biosynthesis (Jones and Woods, 1986a) . The 
important electron distributor in C. acetobutylicum, however, is 
NADH-Fd oxidoreductase which recycles electrons between Fd and 
NADH (Jungermann et al., 1973; 1976; Petitdemange et al., 1976). 
The glycolysis of 1 mol glucose to 2 mol pyruvate yields a net 2 
mol ATP and 2 mol of NADH in C. acetobutylicum. During the 
acidogenesis, 1 mol of ATP is produced per mol of acyl phosphate 
converted to acid end product. Therefore, the net energy yield 
obtained from the conversion of 1 mol glucose to 2 mol of acetate 
will be 4 mol of ATP. Since 2 mol of acetyl-CoA are required for 
the production of 1 mol of butyryl-CoA, the net energy yield from 
12 
1 mol glucose converted to 1 mol of butyrate will be 3 mol ATP . 
The ratio of acetate to butyrate produced in a normal ABE batch 
fermentation is about 2:3 (mol:mol) (Jones and Woods, 1986a). 
According to this ratio, Rogers (1986) calculated the ATP yield 
for the acidogenic growth phase to be about 3.25 mol ATP per mol 
of glucose consumed. This means a 62% thermodynamic efficiency. 
For the solventogenic pathway, no further ATP is produced via the 
production of acetone, butanol and ethanol. Therefore, the ATP 
balance for the solventogenic growth phase becomes 2 mol ATP per 
mol of glucose consumed. 
The production of acetate is more energetically favorable than 
that of butyrate. However, there is a net yield of 2 mol NADH 
produced. The condensation of 2 mol of acetyl-CoA to 1 mol of 
butyryl-CoA during the production of butyrate consumes 2 mol 
NADH. Therefore, butyrate production is redox neutral despite the 
lower ATP yield than during acetate production. 
Because only a portion of acetyl-CoA is converted to butyrate 
resulting in a 2:3 (mol :mol) acetate :butyrate ratio during the 
acidogenic phase, an excess of NADH produced via the conversion 
of glucose to acetyl-CoA and to acetate must either accumulate, 
or be recycled through the NADH-Fd oxidoreductase which in 
conjunction with hydrogenase produces hydrogen. This would result 
in reduced Fd and hence require increased hydrogen production for 
electron disposal and recycling of Fd to its oxidized state. The 
solvent producing pathways provide additional routes for· NADH 
disposal where aldehyde dehydrogenase and alcohol dehydrogenase 
each can consume 1 mol of NADH per mol of substrate to produce 
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aldehyde and alcohol respectively. As a result any NADH 
accumulation, and hence the activities of the NADH-Fd 
oxidoreductase and hydrogenase enzymes, all play a role in the 
shift of carbon flow from acid to solvent production (Jones and 
Woods, 1986a ) . 
1.3 Triggers and regulation of the C. acetobutylicum ABE 
fermentation 
A defined chemical medium which supports the complete life cycle 
of C. acetobutylicum has facilitated studies of effects of 
external factors on the regulation of solvent production and 
sporulation (Andersch et al., 1982; Long et al., 1983; Monot and 
Engasser, 1983). The induction of solventogenesis and sporulation 
has been shown to be associated with the pH breakpoint, the 
inhibition of vegetative growth and cell division (Jones and 
Woods, 1986a) . Mutagenesis and the isolation of solvent deficient 
mutants of C. acetobutylicum has contributed to the understanding 
of the regulation of solventogenesis,. but the molecular 
mechanisms involved are poorly understood. 
1.3.1 Re9Ulation of solvent production 
The role of pH has been recognized to be an important but not the 
only trigger for solvent production (Gottschal and Morris, 1981b; 
Long et al., 1984a). Cultures maintained at a high pH during 
fermentation, produce mainly acids, whereas more solvent is 
produced under low pH conditions (Jones and Woods, 1986a; Rogers, 
1986). The optimal pH for solvent production varies from strain 
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to strain (Jones and Woods, 1986a) . The pH drop of the medium is 
caused by the production of acetate and butyrate. The 
undissociated fraction of these acids becomes toxic to the cells 
because they act as uncoupling ionophores which allow the entry 
of protons into the cell (Kell et al., 1981; Htisemann and 
Papoutsakis, 1986) . At certain sub-critical concentrations of 
these acids the growth rate of the cell decreases while substrate 
utilization and cell metabolism continue (Herrero, 1983). 
Therefore, a switch to solvent production has been suggested as a 
detoxification mechanism which protects the cell from toxicity 
once the acid products reach critical levels (Jones and Woods, 
1986a). The ratio of protonated- and dissociated-acids is 
determined by the pH of the environment. Undissociated butyric 
acid was shown to be essential in the regulation of solvent 
production (Bahl et al., 1982a). Solvent production did not occur 
when the undissociated butyric acid concentration did not reach 
and was not maintained at the critical level due to a high pH or 
a low initial substrate concentration (Bahl et al., 1982a; Bahl 
and Gottschalk, 1985). To maintain a constant pH gradient across 
the cell membrane when the pH of the external medium decreases, 
C. acetobutylicum cells shift to sol vent production and 
reassimilate the acids (Bowles and Ellefson, 1985; Gottwald and 
Gottschalk, 1985; Huang et al., 1985; Andreesen et al., 1989). 
The effects of other factors on solvent production have also been 
investigated. Under conditions of nitrogen limitation in the 
presence of excess glucose, the consumption of glucose was 
limited and solvent production did not occur. Apparently the 
induction of solventogenesis did not occur because the threshold 
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level of acids was not reached (Long et al., 1984a; Gottschal and 
Morris, 1981a; Andersch et al., 1982). In contrast, limiting 
concentrations of phosphate or sulphate have been shown to be 
involved in solvent induction in both batch and continuous 
cultures. High yields of acetone and butanol were obtained in a 
phosphate limited two-stage continuous culture(Bahl et ~1., 
1982b, Bahl and Gottschalk, 1985) . 
1.3.2 Control of electron flow 
During acidogenesis, the major route for electron transfer is 
directed to hydrogen production, while the carbon flow is 
directed to acid production. The production of hydrogen provides 
a disposal route for excess NADH generated during glycolysis. 
Three enzymes, NADPH-, NADH-Fd oxidoreductase and hydrogenase 
have a pivotal role in controlling the direction of electron flow 
(Fig .1. 2 ) (Jones and Woods; 198 6a) . 
The switch from acidogenesis to solventogenesis is accompanied by 
a decrease in hydrogen production and an increase in co2 
production. Kim and Zeikus (1985) found that the specific rate of 
hydrogen production decreased in stages during the course of a 
batch ABE fermentation. The highest rate of hydrogen production 
was found during the initial growth phase, while a decrease of 
the metabolic activity resulted in a decrease in hydrogen 
production at later stages in the fermentation. The decrease in 
the rate of hydrogen production was found to be correlated with 
the acid to solvent production shift. It was found that this 
decrease in hydrogen production was due to a decline in the 
() 
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availability of reduced Fd which resulted from a decrease in 
glucose consumption. In a study, the cells from acid producing 
cultures showed approximately 2.2-fold more specific hydrogenase 
activity than that measured in sol vent producing cells. 
Furthermore, hydrogenase activity was not affected by pH or acid 
concentration. Kim and Zeikus (1985) concluded that the decrease 
of hydrogen production during solventogenesis was due to the 
regulation of hydrogenase production rather than the inhibition 
of enzyme activity. Other reports have indicated that a 
stimulation of butanol and ethanol production, but not acetone 
production, was obtained when the partial pressure of hydrogen in 
the culture was increased (Gapes et al., 1982; Yerushalmi et al., 
1985; Doremus et al., 1985;Yerushalmi and Volesky, 1985). Under 
these conditions, the H+ /H2 redox potential is lowered and the 
flow of electrons from reduced Fd to molecular hydrogen became 
thermodymically unfavorable (Jungermann et al., 1971b). Electrons 
from reduced Fd were therefore diverted to the generation of NADH 
and NADPH via the actions of the respective Fd-oxidoreductases. 
The stimulation of ethanol and ·butanol production became 
necessary for the disposal of electrons carried by these two 
reduced pyridine nucleotides. 
In summary, the fate of reduced Fd determines the electron 
distribution in the cell by either transfering electrons via 
hydrogenases to produce hydrogen, or via the respective Fd-
oxidoreductases to generate reduced pyridine nucleotides. 
Because CoA and acetyl-CoA are acting as allosteric inhibitors 
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and activators of NADH-Fd oxidoreductase respectively (Jungermann 
et al., 1973), the ratio of acetyl-CoA:CoA and NAD+:NADH must 
have a major role in the regulation of electron flow in the ABE 
fermentation (Datta and Zeikus, 1985; Jones and Woods, 1986a). 
1.3.3 Enzyme activity profile of the ABE fermentation 
A correlation between the acidogenic to solventogenic shift and 
the activities of enzymes involved in the acid and solvent 
producing pathways has been reported (Table 1. 1) (Hartmanis and 
Gatenbeck, 1984; Dtirre et al., 1987). Four terminal enzymes in 
the acetate and butyrate production pathways were shown to have 
2- to 6- fold higher activities in cell extracts from acidogenic 
stage cells· (Andersch et al., 1983). In solventogenic phase cells 
the activities of phosphate acetyl transferase and acetate kinase 
were reduced considerably and the phosphate butyryl transferase 
activity disappeared completely. However, the butyrate kinase 
showed high activity during this phase (Hartmanis and Gatenbeck, 
1984). Other reports , however, indicate that both PTB and BK are 
maintained at high activity during the acid- and solvent-phases 
of the fermentation (Andersch et al., 1983; Ballongue et al., 
1986; Wiesenborn et al., 1989b; Htisemann and Papoutsakis, 1989). 
On the other hand the first three enzymes in the central pathway, 
from acetyl-CoA to butyryl-CoA, appeared to be coordinately 
produced and reached highest activity in solvent producin9 cells 
after cell growth ceased. The activity of the fourth enzyme, 
butyryl-CoA dehydrogenase, was shown to be lower in these cells. 
Since the in vitro activities of all of these enzymes were 
between 10- and 1000- fold higher than that required by the rate 
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Table 1.1 Summary of Enzyme Activity Profile During the ABE 
fermentation in C. acetobutylicum 
Enzyme 
BAD 
AADC 
BDH 
CoAT 
AK 
BK 
PTA 
PTB 
Thiolase 
BHBD 
Crotonase 
Induced at Solvent 
Producing Phase 
+ 
+ 
+ 
+ 
Butyryl-CoA 
DHase 
Present at all 
Phases 
? 
+ 
? 
+ 
+ 
+ 
+ 
+ 
Reference 
Durre et al. , 
1987; Palosaari 
& Rogers, 1988; 
Yan et al., 
1988. 
Andersch et al. 
, 1983; Yan et 
al., 1988; 
Husemann & 
Papoutsakis 
1989. 
Durre et al. , 
1987; Yan et 
al., 1988; 
Palosaari & 
Rogers, 1988. 
Andersch et al. 
' 1983; 
Hartmanis & 
Gatenbeck, 
1984; Husemann 
& Papoutsakis, 
1989. 
Palosaari & 
Rogers, 1988; 
Husemann & 
Papoutsakis, 
1989. 
Palosaari & 
Rogers, 1988; 
Husemann & 
Papoutsakis, 
1989. 
Yan et al., 
1988. 
Hartmanis & 
Gatenbeck, 
1984. 
Hartmanis & 
Gatenbeck, 
1984. 
Hartmanis & 
Gatenbeck, 
1984. 
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of flux through these metabolic pathways in vivo, a stearic 
modification of some or all of these enzymes by metabolic 
intermediates could be involved in the regulation of the branched 
acid-producing pathways (Hartmanis and Gatenbeck, 1984). The 
activities of butyraldehyde dehydrogenase (BAD) and butanol 
dehydrogenase have been shown to increase 70- to 90- fold in 
solvent producing cells of C. acetobutylicum (Rogers, 1986; Hiu 
et al., 1987; Durre et al., 1987; Palosaari and Rogers, 1988). 
The increase in BAD and BDH activity occurred just prior to 
butanol production and then decreased as the cell biomass 
increased. 
The enzyme 
which is 
acetoacetyl-CoA:acetate/butyrate:CoA 
involved with acid reassimilation 
transferase, 
during the 
solventogenic phase, has also been shown to exhibit a high level 
of activity in solvent producing cells in both batch and 
continuous cultures (Andersch et al., 1983; Hartmanis and 
Gatenbeck, 1984; Wiesenborn et al., 1989a). However, it was 
hardly detected in acid producing cells. This enzyme has been 
purified from C. acetobutylicum ATCC 824, and it was shown to 
have a wide range of substrate specificity (Wiesenborn et al., 
1989a). The specific activity of acetoacetate decarboxylase, 
which catalyzes the production of acetone, was also shown to be 
40-fold higher in solvent producing cells. These results indicate 
that the solventogenic enzymes must be synthesized or activated 
in some way before solvent production can start. Studies on the· 
production of butyraldehyde dehydrogenase and acetoacetate 
decarboxylase have shown that addition of rifampicin or 
chloramphenicol inhibited the increase in the activities of these 
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enzymes suggesting that de ·novo protein synthesis is required for 
the corresponding increase in enzyme activity (Andersch et al., 
1983; Ballongue et al., 1985; Palosaari and Rogers, 198 8) . The 
culture conditions necessary for the induction of the enzymes of 
solvent production have been a subject of interest (George and 
Chen, 1983; Ballongue et al., 1985; Htisemann and Papoutsakis, 
1989). The appearance of the induced enzymes requires low pH and 
the presence of butyrate. More detailed analysis revealed a 
close correlationship with the internal concentration of 
undissociated butyric acid (Gottwald and Gottschalk, 1985; 
Terracciano and Kashket, 1986; Htisemann and Papoutsakis, 1990; 
Papoutsakis and Bennett, 1991) The coordinate increase in 
activity of the various sets of enzymes suggested that there is a 
common regulatory signal for the induction of these solventogenic 
enzymes (Jones and Woods, 1986a) . However, the mechanism of 
induction of enzyme activity is not well understood. 
1.3.4 Sporulation and stationary phase events 
,. 
The process of endospore formation has been well studied in 
Bacillus subtilis (Sonenshein, 1985). In B. subtilis, spore 
formation can be initiated by transferring rapidly growing cells 
to a nutritionally poor medium (Sterlini and Mandelstam, 1969; 
Losick et al., 1986; Sonenshein, 1989). However, nutrient 
starvation does not induce similar spore induction events in C. 
acetobutylicum and other Clostridium species. These bacteria 
/ 
sporulate only under conditions where growth is limited in the 
presen~e of an exogeneous energy and nitrogen source (Murrell, 
1967; Hickey and Johnson, 1981; Woods and Jones, 1986). In fact, 
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studies on C. acetobutylicum have shown that at moderate 
concentrations of glucose or ammonia, the formation of endospores 
is proportional to the substrate concentration (Long et al., 
1983, 1984a). Since sporulation appears to be initiated by the 
same events involved in solvent induction, a parallel switch for 
both solventogenesis and sporulation has been suggested· 
(Gottschal and Morris, 1981a). However, asporogenous C. 
acetobutylicum mutants blocked before (SpoO) or after (Spoii-VI) 
forespore 
solvents 
septum 
(Jones 
initiation, retained their 
et al., 1982; Long et 
ability to produce 
al., 1984b). This 
demonstrated that spore formation is not a prerequisite for 
solvent production. Another class of asporogeneous C. 
acetobutylicum mutants (cls mutants) have been isolated which 
lacked all stationary phase characterictics associated .with 
solventogenesis and sporulation. These cls mutants are deficient 
in solvent production, capsule, granulose and endospore formation 
(Jones et al., 1982; Long et al., 1984a, 1984b). A single point 
mutation has been suggested for these cls mutants because wild 
type revertants have been isolated. Although a linkage between 
the induction of the stationary phase events and some common 
regulatory mechanisms have been postulated, the detailed 
mechanisms involved in the cls mutation event and solventogenesis 
induction remain to be clarified (Jones and Woods, 1986a). 
Other mutants that are unable to produce granulose or 
extracellular capsule material, as well as mutants that produce 
altered levels of solvents, were also isolated (Long et al., 
1984b; Dtirre et al., 1986; Reysenbach et al., 1986; Rogers, 
1986). These mutants demonstrated that although the induction of 
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the different stationary phase events may be linked, there are 
separate, parallel pathways controlling these various 
characteristics. While solvent production, granulose and capsule 
formation do not appear to be sporulation specific events (Long 
et al., 1984b), the initiation of those events may be required 
for spore production. 
1.3.5 Physiological control of acid and solvent formation 
A continuous solvent-producing culture of C. acetobutylicum under 
the conditions of low pH, phosphate limitation and excess of 
substrates (glucose or other sugars) has revealed the conditions 
for solvent induction. These conditions are summarized in Table 
1.2 . (Rogers and Gottschalk, 1991). 
Solventogenesis can be induced by high intracellular 
concentrations of acids (production of acids with a concomitant 
pH drop; addition of acids and uncouplers) or inhibition of H2 
production (addition of CO, H2 or methylviologen) . The production 
of acetone and butanol is switched on under the condition of high 
intracellular acid concentrations, whereas inhibition of H2 
generation results in butanol and ethanol production. The fastest 
shift was observed following the.addition of methylviologen to a 
growing culture of C. acetobutylicum (Rao and Mutharasan, 1986; 
Grupe, 1991). 
How these physiological changes generate the signal for induction 
of solventogenic enzymes is not yet known. The transmembrane pH 
gradient is maintained during the shift (about 1 pH unit) and 
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intracellular concentrations of acetic and butyric acid 
(undissociated forms) are in the order of 10-60 mM (Monot et al., 
1984; Terraciano and Kashket, 1986; Grupe, 1991). A certain 
threshold concentration of acids was proposed to be. a 
prerequisite for the solventogenic shift (Rogers and Gottschalk, 
1991) . 
. 
Table 1.2 Induction of Solventogenesisa 
Conditions Effects 
pH decrease during 
fermentation below 5.5 
increase of internal 
concentration of acids 
butyrate addition 
acetoactate addition 
butyrate 
uncouplers 
pH 7.0, 
pH 4.5, 
100mM increase of internal 
20mM concentration of acids 
pH 4.5, 8-12mM 
20mM 
5j..Lm 
induction (1-3 h after 
addition) 
Refer~nces 
Bahl et al., 
(1982a). 
Holt et al., 
(1984). 
Hi.isemann & 
Papoutsakis 
(1986). 
co gasing pH 4.5 inhibition of hydrogenase Kim et al., 
, increase of butanol and (1984). 
ethanol yield 
methyl-
viologen 
addition 
increase 
of partial 
pressure 
pH 6.8, 0.1 g/1 increase of ethanol 
pH 5.0, 0.1 g/1 production, induction, 
increase of acetone 
production 
fast induction 
aoata are compiled from Rogers and Gottschalk (1991) . 
Rae & 
Mutharasan 
(1986). 
Doremus et 
al., (1985) 
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1.3.6 Postulated regulatory mechanism for solventogenesis shift 
In C. acetobutylicum the physiological changes which signal the 
solventogenesis shift are most likely either a shift in the 
levels of NADH and reduced ferredoxin or an increase of the 
intracellular concentration of butyric acid, butyrate or H+. 
Events associated with the shift to solventogenesis are 
summarized in Table 1.3 . 
Table 1.3 Events associated with solventogenesis in Clostridium 
acetobutylicuma 
Event 
Solvent forming enzymes 
Acid recycling 
ATP generation 
Growth: batch culture 
Growth: continuous culture 
(phosphate limited) 
Granulose production 
(many strains) 
Clostridial stage 
Endospore· formation 
Change during the solvent formation 
switch 
20-100 fold induction of 4 or 5 
enzymes 
Organic acids converted to alcohols 
Reduced from about 3.3 to 2 mol per 
mol hexose 
Cell division stops, biomass 
increase slowed 
Slow growth and cell division 
(asporogeneous strain) 
2 enzymes induced 
Cell becomes elongate and cigar 
shaped 
Morphogenesis program, may involve 
100 induced/activated proteins 
aThe physiologic and mutant-strain evidence that links these 
processes has been summarized in reviews (Jones and Woods, 1986a; 
Rogers, 1986) . Data are compiled from Rogers and Gottschalk 
(1991). 
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Although at present, the complex of regulatory networks, proteins 
and pathways which control these overlapping systems in 
C. acetobutylicum have not been worked out, three general classes 
of intracellular molecular signalling systems appear to operate 
in bacteria in response to stress or survival under stress and 
adaptation to 
phosphorylation 
environmental change. 
(Stock et al., 1989), 
These include protein 
small molecule effectors 
such as cAMP (Saier, 1989) or ppGpp (Cashel and Rudd, 1987) and 
sigma-factor control of promoter specificity by RNA polymerase 
(Doi and Wang, 1986) . A detailed discussion of these three 
possible models for solventogenesis shift has been reported 
(Rogers and Gottschalk, 1991). 
1.4 Genetic studies of C. acetobutylicum 
High levels of extracellular and cell bound deoxyribonuclease 
(DNAase) activity have hampered attempts to transfer DNA into 
C. acetobutylicum by well established methods such as protoplast 
fusion, transformation and transfection (Jones and Woods, 1986b). 
Recent progress in the construction of suitable shuttle vectors 
(Minton et al., 1990a, 1990b) , transformation by electroporation 
(Oultram et al., 1988) and the discovery of conjugative 
transposons (Clewell and Gawron-Burke, 1986) have provided the 
tools for future genetic manipulation of this bacterium (Jones 
and Woods, 1988)·. 
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1.4.1 Cloned C. acetobutylicum genes 
The first C. acetobutylicum genes cloned in Escherichia co_U 
included an endoglucanase, a xylanase and amino acid utilization 
genes (Efstathiou and Truffaut, 1986; Zappe et al., 1986; 1987; 
1988). These C. acetobutylicum genes appeared to be expressed 
from their own promoters in the heterologous E. coli host. The 
. 
cloning of a glutamine synthetase encoding gene (glnA) (Usdin et 
al., 1986) has increased the understanding of the role of 
nitrogen metabolism in the life cycle of C. acetobutylicum. This 
glnA gene. was expressed from its own promoter and regulated by 
nitrogen leve~s in C. acetobutylicum and E. coli (Janssen et al., 
1988, 1990). Other C. acetobutylicum genes cloned in E. coli 
include a lactate dehydrogenase (LADH) encoding gene (Contag et 
al., ·1990) and a f3-galactosidase (cbgA) gene (Hancock et al., 
19 91) . Cloning of acidogeneic and sol ventogenic pathway genes 
from C. acetobutylicum has also been achieved. Genes encoding 
thiolase (Petersen and Bennett, 1990a) and 3-hydroxybutyryl-CoA 
dehydrogenase (BHBD) (Youngleson et al., 1989a) from the central 
pathway of the ABE ·fermentation have been cloned and studied in 
E. coli. The genes encoding two enzymes which are responsible for 
the conversion of butyryl-CoA to butyrate in the acidogenic 
pathway, ·butyrate kinase and phosphotransbutyrylase, have been 
cloned and were shown to be contiguous in C. acetobuty licum 
chromosomal DNA (Cary et al., 1988; Wiesenborn et al., 1989b). 
The adhl gene encoding a NADPH-dependent alcohol dehydrogenase 
(ADH-NADPH dependent) from C. acetobutylicum P2 62 was the first 
solventogenic gene cloned in E. coli (Youngleson et al., 1988, ) . 
The 'gene encoding a NADH-d~pendent butanol dehydrogenase was 
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cloned (Petersen et al., 1991) , suggesting that more than one 
enzyme can catalyze the conversion of butyraldehyde to butanol. 
Other cloned sol vent pathway genes 
acetoacetate decarboxylase (adc gene) 
Petersen and Bennett, 1990b) 
include genes encoding the 
(Gerischer and Durre, 1990; 
and the acetoacetyl-
CoA: acetate/butyrate: CoA transferase ( ctf) gene (Cary et al., 
1990). Table 1. 4 summarizes these enzymes and the cloning of 
these genes. The adc and ctf genes have been shown to be linked 
in C. acetobutylicum DSM7 92 (Gerischer and Durre, 1990) . The 
NADPH-dependent alcohol dehydrogenase gene (adhl) has also been 
shown to be linked to the 3-hydroxybutyryl-CoA dehydrogenase gene 
(~hbd) in C. acetobutylicum P262 (Youngleson et al., 1989a). 
Although genes involved in the acidogenic and solventogenic 
pathways appear to be clustered together on the chromosome, their 
functions and regulation may be independent (Petersen et al., 
1991; Gerischer and Durre, 1992; Woods personal communication) . 
1.4.2 Genetic manipulation of c. acetobutylicum 
Protoplast fusion and regeneration using C. acetobutylicum P262 
(Allcock et al., 1982; Jones et al., 1985) and Clostridium 
saccharoperbutylacetonicum N1-4080 (C. acetobutylicum N1-4080, 
Reysset et al., 1987, 1988) has been reported. However, the 
efficiency of both systems is low due to the high endogenous 
nuclease and autolysin activities associated with these organisms 
(Jones and Woods, 1986b). An autolysin deficient mutant (N1-4081) 
of strain N1-4080 has proved to be more easily regenerated than 
the wild type strain (Reysset et al., 1988). 
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Table 1.4 Summary of enzymes related to solvent production in 
C. acetobutylicum and cloning of their genes.a 
Enzyme Size and no. Enzyme Gene Cloning Strain 
of subunits purification cloning method source 
AK NR NR NR 
PTA NR NR NR 
BK 2(39kDa) Hartman is Cary et al. GC ATCC 824 
(1987) (1988) 
PTB 8(31kDa) Weisenborn Cary et al. GC ATCC 824 
et al. (1989b) (1988) 
Thiolase 4(44kDa) Weisenborn Petersen AI ATCC 824 
et al. (1988) & Bennett 
(1990a) 
BHBD NR NR Youngleson GC P262 
et al. associated 
(1989a) 
Crotonase 4(43kDa) Waterson· NR 
et a1.(1972) 
CoAT 2(26kDa) Weisenborn Cary et al. SOH 
+2 (28kDa) et al. (1989a:) (1990) 
AADC 12(28kDa) Zerner et al. Petersen & SOH 
(1966) Bennett 
Tagaki & (1990b) 
Westheimer Gerischer 
(1968) & Durre 
(1990) 
ADH-NADPH NR NR Youngleson GC 
dependent et al. (1988) 
BDH-NADH 2(42kDa) Welch et al. Petersen SOH 
dependent (1989) et al. (1991) 
BAD 2 (56kDa) Palosaari & Con tag & GC 
Rogers (1988) Rogers (1988) 
LADH 4 (40kDa) Freier & Con tag GC 
Gottschalk et al. (1990) 
(1987) 
aAbbreviations: 
GC: genetic complementation; AI: antibody immunoscreening; 
SOH: synthetic oligonucleotide hybridization. 
NR: not reported. 
b+: sequence available; -: not sequenced 
ATCC 824 
ATCC 824 
DSM 792 
P262 
ATCC 824 
B 643 
B 643 
Seq.b 
+ 
+ 
+ 
+ 
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Two early reports have indicated that protoplasts of C. 
acetobutylicum can be transfected with phage DNA (Reid et al., 
1983) or transformed with the Staphylococcus aureus plasmid 
pUB110 (Lin and Blaschek, 1984). Phage HM3 and plasmids pVA1, 
pVA677 have been reported to transform C. acetobutylicum with 
high efficiency (Podvin et al., 1988). 
The streptococcal plasmid pAM~1 was first reported to be 
conjugatively transferred into C. acetobutylicum 903 by Reysset 
and Sebald (1985). The same plasmid was also shown to be 
conjugatively transferred to C. acetobutylicum NCIB 8052 using 
either Streptococcus lactis or Bacillus subtilis as the donor 
strain (Oul tram and Young, 1985; Oul tram et al., 198 7) . Other 
broad host range plasmids such as piP501, pJH4 and pVA797 have 
been transferred to C. acetobutylicum via conjugation (Young et 
al., 1989a, 1989b). A nonconjugative plasmid pAM610 was mobilized 
into C. acetobutylicum P262 and NCIB8052 by pVA797 and pAT187 
respectively (Yu and Pearce, 1986; Young et al., 1989a, 1989b). A 
conjugative plasmid transfer system using E. coli as the donor 
and C. acetobutylicum NCIB8052 as the recipient was reported 
recently (Williams et al., 1990), but the plasmid was not 
transferred by E. coli to C. acetobutylicum DSM1731, ATCC824 and 
P262. 
Transposons have been used in E. 
test for export mechanisms, to 
specific and polar mutations 
coli to identify promoters, to 
clone genes, and to generate 
(de Bruijn and Lupski, 1984). 
Conjugative transposons are active in various Gram-positive hosts 
(Clewell and Gawron-Burke, 1986) including C. acetobutylicum 
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(Young et al., 1989a, 1989b). The streptococcal transposon Tn917 
was expressed successfully in C. acetobutylicum, but it was not 
known whether it was incorporated into the host chromosome or 
remained on the plasmid used for transfer (Yu and Pearce, 1986). 
Transposons with a tetracycline resistence marker(TcR), Tn916 and 
Tn1545, were also conjugatively transferred into C. 
acetobutylicum NCIB8052 from Enterococcus faecalis (Woolley et 
al., 1989). Multiple random insertion sites on the chromosome 
were found for Tn1545, while Tn916 had favoured some insertion 
sites. Other transposons successfully transferred into C. 
acetobutylicum include Tn925, and Tn925:Tn917 (Bertram and Dtirre, 
1989). 
Three types of mutants of C. acetobutylicum DSM792 were generated 
using the Tn916 conjugation/mutagenesis method (Bertram et al., 
1990) . The type I mutant lost the ability to produce acetone and 
butanol, the type II mutant produced decreased levels of 
solvents, and the type III mutant showed an increase in butanol 
production. Only one copy of Tn916 was found in the type I 
mutant. These results supported the hypothesis that there is a 
global regulation of the initiation of solventogenesis (Jones and 
Woods, 1986a; 1989; Rogers, 1986 ) . The type I mutant retained 
the ability to produce ethanol suggesting that the acetone and 
butanol pathways are independently induced and regulated. 
In the absence of selection pressure (Tc) for the transposon, 
about 50% revertants were obtained after 15 subcultures. Although 
the strain became tetracycline sensitive, the mutant phenotype 
remained. Southern hybridization studies indicated that these Tc 
31 
sensitive revertants had lost the Tn916 transposon. This 
indicated that a nonspecific transposon excision occurred in C. 
acetobutylicum, which is contrary to results obtained with Tn916 
in E. coli (Gawron-Burke and Clewell, 1984). 
Electroporation provides an alternative route for the transfer of 
DNA into bacterial cells (Fiedler and Wirth, 1988; Wirth et al., 
1989). Many Gram-positive bacteria have been transformed 
successfully by electroporation (Lucanskey et al., 1988). A 
frequency of 3x10 3 transformants per ~g DNA was obtained for C. 
acetobutylicum NCIB8052 using electroporation (Oultram et al., 
1988). Howev~r, this method has not been successful with C. 
acetobutylicum P262 (Woods, personal communication) . 
1 . 4 . 3 Cloning vectors for C.. acetobuty~icum 
The presence of native plasmids in Clostridium has been noted, 
but none of these plasmids contain selectable markers suitable 
for genetic manipulation (Minton and Thompson, 1990). 
Consequently, the in vitro construction of vectors by combining 
replicons and antibiotic resistance genes known to function in C. 
acetobutylicum was necessary (Truffaut et al., 1989; Minton and 
Oultram, 1988; Minton et al., 1990a, 1990b; Yoshino et al., 
1990). 
Three recombinant plasmid vectors, pMTL20E, pMTL20C and pMTL20T, 
were constructed and their features included a multiple cloning 
site within the lacZ' region, the bla gene for ampicillin 
selection in E. coli, and an E. coli origin of replication. The 
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replication region of the broad host range vector pAM~1 was 
incorporated into these three vectors, facilitating replication 
in both B. subtilis and C. acetobutylicum. The three resulting 
V'ectors, pMTL500E, pMTL500C and pMTL500T contain the 
Erythromycin(Em), Chloramphenicol (Cm) and Tetracycline 
antibiotic resistance genes respectively (Swinfield et al., 
Minton"et al., 1990b). 
(Tc) 
1990; 
The segregational instability of these plasmid vectors, pMTL500E, 
pMTL500T and pMTL500C, in the absence of selective pressure has 
been improved by incorporating the resolvase-like gene of pAM~l 
into the vector (Minton et al., 1990a). The 2.12-kb fragment from 
pAM~1 DNA containing the resolvase-like gene was cloned into the 
multiple cloning site of pMTL500E. The resultant plasmid vector 
pMTL531E had a significant increase in segregational stability in 
both B. subtilis and C. acetobutylicum (Minton et al., 1990a). An 
analogous plasmid pMTL500E(res+) was therefore constructed where 
the multiple cloning site of pMTL500E remained intact (Minton et 
al., 1990a). 
The application of the pMTL500 series of vectors was further 
enhanced by replacing the lac promoter element of pMTL500E with 
the Clostridium pasteurianum ferredoxin (Fd) promoter element, 
such that the AUG start codon of Fd became that of the lacZ' 
gene. A synthetic lac operator site was later inserted between 
the -10 region and the ribosome binding site of this promoter 
element to facilitate the control of gene expression. The 
resulting plasmid, pMTL500F, exhibited transcriptional 
regulation of the Fd promoter by the Laci protein which is 
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produced from a coexisting plasmid in E. coli (Minton et al., 
1990a, 1990b) . This type of trans-regulatory control for pMTL500F 
in C. acetobutylicum will be developed in the future (Minton et 
al., 1990a). 
1.5 ~hbd and adh1 genes of C. acetobutylicum P262 
The adhl gene of C. acetobutylicum P262 was cloned and initially 
characterized in adhl mutants of E. coli (Youngleson et al., 
1988). The adhl gene consisted of an open reading frame (ORF) of 
1164 base pairs (bp) and encoded an ADH enzyme of 388 amino acid 
(aa) residues with a calculated Mr of 43,274. It is a NADPH-
dependent enzyme and can use either ethanol or butanol as 
substrates. The amino acid sequence of the alcohol dehydrogenase 
showed 39%, 37% and 35% similarity to the Fe-containing ADH2 from 
Zymomonas mobilis, the ADH4 from Saccharomyces cerevisiae and the 
1,2-propanediol oxidoreductase from E. coli respectively. However 
it has little homology to the other characterized ADHs 
(Youngleson et al., 198 9b) . The adhl gene of C. acetobutylicum 
P262 was shown to be contiguous to the ~hbd gene and the genes 
are separated by a 354-bp intergenic region. The ~hbd gene 
consists of 843 bp and encodes a 3-hydroxybutyryl-CoA 
dehydrogenase with a calculated Mr of 31,435. The deduced amino 
acid sequence of the BHBD enzyme shows 45.9% amino acid identity 
to the 3-hydroxyacyl-CoA dehydrogenase, an enzyme involved in ~­
oxidation of fatty acids in eukaryotes (Youngleson et al., 
1989a). 
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It is not known whether these two genes are expressed and 
function independently or are under a common regulatory control 
within an operon. A third partial ORF has been identified 
upstream of the Phbd gene and nucleotide sequence of the 
intergenic region failed to reveal a consensus promoter sequence. 
An operon composed of the adhl, Phbd and associated genes was 
postulated (Youngleson, Ph. D. thesis, University of Cape Town, 
South Africa, 1989). 
1.6 Aspects of the fix gene 
Genes, nif and fix, have been identified as essential for 
symbiotic nitrogen fixation in Rhizobium meliloti. By definition, 
the nif genes of R. meliloti are those which bear structural or 
functional homology to the well-characterized nif genes of the 
free-living, nitrogen-fixing species Klebsiella pneumoniae. The 
fix genes, on the other hand, are essential for nitrogen fixation 
by virtue of the Fix- phenotype of nodules in mutants where 
mutations occurred in these genes (Beringer et al., 1980; Aguilar 
et al., 1985; Batut et al., 1985; Corbin et al., 1983; Puhler et 
al., 1984; Ruvkun et a1.,1982). 
The functions of most fix genes have not yet been biochemically 
demonstrated, al~hough sequence comparisons are suggestive. Some 
fix genes resemble bacterial ferredoxins or other metal-binding 
proteins; examples are frxA and fixX of Bradyrhizobium (Ebeling 
et al., 1988; Hennecke et al., 1988 ), and fixX of R. meliloti, 
Rhizobium trifolii (Earl et al., 1987; Iismaa et al., 1987 ) . It 
has been proposed that these genes encode components for electron 
transfer in the symbiotic process of nitrogen fixation. 
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In R. meliloti three fix genes, fixA, fixE, and fixe, have been 
identified as being closely linked to a cluster of nif genes on a 
large endogenous plasmid, Sym plasmid (Puhler et al., 1984; 
Ruvkun et al., 1982) . The fixABC genes are located in a single 
operon (Better et al., 1984; Ruvkun et al., 1982) and are 
coordinately transcribed by the activation of nifH, -D, and -K by 
the nifA gene product (Szeto et al., 1984). The R. meliloti 
fixABCX genes show neither homology to 17 nif genes of K. 
pneumoniae nor complemented mutations in any of 12 K. pneumoniae 
nif genes (Earl et al., 1987). 
1.7 Aim of this thesis 
Previous studies have indicated that genes involved in acid or 
solvent production are expressed during the acidogenic or 
solventogenic phases respectively (Hartmanis and Gatenbeck, 
1984). In C. acetobutylicum P262 the ~hbd and adhl genes were 
shown to be adjacent on the chromosome. The ~hbd gene encodes the 
3-hydroxybutyryl-CoA dehydrogenase enzyme which is part of the 
central fermentation pathway and is required for acid and solvent 
production. The ~hbd gene is presumably expressed during both the 
sol ventogenic and acidogenic phases. The adhl gene encodes a 
NADPH-dependent alcohol dehydrogenase (ADH-NADPH) with activity 
for butanol and ethanol. The adhl gene is presumably expressed 
only during the solventogenic phase. To clarify the role of these 
two genes and enzymes iD the growth cycle of C. acetobutylicum, 
we have investigated whether these linked genes are expressed as 
part of an operon or are independently regulated. Since no 
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obvious promoter consensus sequences could be identified 
immediately upstream of the f3hbd or between the f3hbd and adhl 
genes, we also analyzed the DNA sequence upstream of the f3hbd 
gene. 
A "chromosome walking" search for the upstream open reading frame 
preceeding the f3hbd gene is described (Chapter2). Nucleotide 
sequencing and molecular characterization of this open reading 
frame is reported (Chapter 3) . Transcription and mRNA transcript 
characterization of these three linked genes in C. acetobutylicum 
is described (Chapter 4). 
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Chapter 2 
Construction of a C. acetobuty~icum P262 cosmid genomic library 
in E. co~i and screening for the upstream region of the ~hbd gene 
2.0 Summary 
A library of chromosomal DNA fragments from C. acetobutylicum was 
constructed in the cosmid pWE15. Restriction enzyme digest 
analysis indicated that chromosomal DNA fragments with an average 
size of 30-35 kb were inserted in the cosmid. The library was 
fully representative of the genome of C. acetobutylicum because 
more than one thousand cosmid clones were obtained. Screening for 
the upstream region of the ~hbd gene was carried out by 
hybridization using the cloned ~hbd and adhl genes as probes. 
Three cosmid clones were selected for further studies after 
Southern hybridization analyses with the upstream region of the 
~hbd gene. 
2.1 Introduction 
Two genes, ~hbd and adhl involved in the ABE fermentation of 
C. acetobutylicum P262 have been cloned previously from the 
plasmid gene bank constructed by Zappe et al. (1986) using the 
positive selection vector pECOR251 (Youngleson et al., 1988, 
1989a, 1989b). The ~hbd gene encoding a 3-hydroxybutyryl-CoA 
dehydrogenase (BHBD) and the adhl gene encoding a NADPH-dependent 
alcohol dehydrogenase (ADH) are contiguous within a 3. 4-kb DNA 
fragment from C. acetobutylicum P2 62. A partial open reading 
frame (ORF) has been identified in front of the ~hbd gene 
(Youngleson, Ph. D. thesis, University of Cape Town, 1989) . To 
characterise this upstream ORF and search for the postulated but 
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operon (Youngleson, Ph. D. thesis, University of Cape Town, 
1989), the construction of a genomic library of C. acetobutylicum 
P262 was necessary. 
A genomic library can be constructed by using various vectors 
with different features. Several factors should be considered for 
the construction of genomic libraries . These include the size of 
the DNA fragments to be cloned, the selection procedure for 
recombinants, considerations of gene expression and the 
experimental objectives. Specific vector-host cloning systems 
have been developed for· various organisms such as Bacillus 
(Ehrlich et al., 1982); Pseudomonas (Bagdasarian and Timmis, 
1982; Olsen et al., 1982; Sakaguchi, 1982), Streptomyces (Kieser 
' 
et al., 1982) , Yeast (Beggs, 197 8; Hinnen et al., 197 8; Muzyczka, 
1980) and a plant system (Howell, 1982). A comprehensive 
catalogue of vectors, their characteristics and potential uses 
has been compiled (Pouwels et al., 1985). 
Vectors that are functional in E. coli have been most 
comprehensively used. These include plasmids for accommodating 
relatively small DNA fragments (up to 12 kb), bacteriophage 
derivatives (Williams and Blatner, 1979) for DNA up to 24 kb, and 
cosmids (Collins and Bruning, 1978; Hohn, 1979; Hohn and Collins, 
1980; Ish-Horowicz and Burke, 1981; Little and Cross, 1985) for 
the cloning of relatively large DNA fragments(up to 47kb). 
Although plasmids remain the preferred vectors for genomic 
cloning, they suffer some disadvantages especially the 
limitations on the size of the ·insert. The number of 
recombinants, N, required to give a specific probability of 
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having any DNA sequence represented in a genomic library can be 
calculated by the following formula: N= ln(1-P)/ln(1-f) where f 
is the fraction of the total genome that each insert represents 
and P is the required probability (Clarke and Carbon, 1976) . This 
formula indicates that a large number (approximately 10 4 of 3-kb 
DNA insert) plasmid clones would be required for a library to be 
representative of the entire genome of a prokaryote. Larger 
inserts can be accommodated into bacteriophage A. substitution 
derivative vectors and cosmids. Cloned fragments of up to 23kb 
for A. substitution derivatives (Maniatis et al., 1982) and 40 kb 
for cosmids (Collins and Bruning, 197 8; Hohn, 197 9) have been 
isolated. Thus, in vitro assembled recombinant cosmids have the 
advantage that the large size of their inserts facilitates the 
selection of a particular gene by screening a relatively smaller 
number of recombinants. Other advantages of cosmid cloning are 
larger genes can be isolated on a single recombinant clone 
(Grosveld, et al., 1982), several linked genes can be isolated on 
the same recombinant molecule (Lau and Kan, 1983), genes can be 
isolated with, large stretches of surrounding sequences (Scangos 
and Ruddle, 1981), and in chromosome "walking" experiments, 
larger segments of the genome can be covered to facilitate 
analysis of the gene linkage (Steinmetz et al., 1982). 
Cosmids are plasmid cloning vectors which contain the A. 
bacteriophage cos site, a drug resistance marker, a plasmid 
origin of replication, and one or more unique restriction sites 
for cloning (Collins and Hohn, 197 8) . The presence of the cos 
site enables in vitro packaging into phage heads (Hohn, 1979) and 
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recombinant cosmids can be transduced into E. coli with high 
efficiency. 
The in vitro packaging system was initially developed by Becker 
and Gold (1975) using mixtures of extracts prepared from bacteria 
infected with bacteriophage A mutant in genes required for 
assembly of bacteriophage particles. The method has been improved 
and modified to the stage where efficiencies of 108 plaque 
forming units per J.Lg (pfu ug- 1 ) of intact bacteriophage A DNA can 
be reproducibly obtained (Hohn and Murray, 1977; Sternberg et 
al., 1977). The mechanisms of packaging of bacteriophage A DNA 
and the stages at which various gene products are involved in the 
process have been described in detail (Hohn, 197 9; Maniatis et 
al., 1982). 
Methods commonly used to identify bacterial colonies which 
contain recombinant inserts include restriction analysis of small 
scale preparations of plasmid or cosmid DNA, a-complementation, 
insertional inactivation, and screening by hybridization with 
specific probes. Preliminary screening of the genomic library can 
be done by one of these methods. Further confirmation of the 
cloned target gene(s) should be carried out by more sophisticated 
characterisation which are dependent on the nature of the target 
gene(s) and the purpose of the objectives. 
To search the entire region of the putative but operon and 
characterise the upstream region of the ~hbd gene, a cosmid 
vector was chosen for genomic library construction for C. 
acetobutylicum P262. This chapter describes the construction of a 
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cosmid gene bank and its screening for the upstream regions of 
the ~hbd gene. 
2.2 Materials and methods 
2.2.1 Bacteria and plasmids 
The bacterial strains, plasmids and cosmid used in this study are 
listed in Appendix A. 
2.2.2 Media and reagents 
All media, buffers and reagents not described in the text are 
listed in Appendix B. 
2.2.3 Growth conditions 
C. acetobutylicum P2 62 was grown in buffered Clostridium Basal 
Medium (CBM) (O'Brien and Morris, 1971; Appendix B) as described 
by Allcock et al. (1982). C. acetobutylicum P262 was grown and 
protoplasts were prepared under stringent anaerobic conditions 
(Allcock et al., 1982). E. coli was grown aerobically at 37°C in 
Luria-Bertani (LB) medium, or 2xYT or TB (Maniatis et al., 1982; 
Sambrook et al., 1989; Appendix B). Antibiotics ampicillin (Ap) 
50-100 ~g ml- 1 , and chloramphenicol (Cm) 100 ~g ml- 1 were added 
to the media when needed. 
2.2.4 Isolation of chromosomal DNA from C. acetobuty~icum P262 
C. acetobutylicum P262 protoplasts were prepared using a scaled-
up version ( 1. 2 litre ) of the method of Allcock et al. ( 1982) . 
DNA was extracted by .the method of Marmur (1961), with 
modifications to overcome the high endogenous nuclease activity 
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of c. acetobutylicum (Lin and Blaschek, 1984; Blaschek and 
Klacik, 1984) . The detailed protocols are described in Appendix 
C.l.l. The DNA concentration was determined by the measurement of 
the absorbance at 260nm, where one absorbance unit is equivalent 
to 50 ~g ml-1 DNA (Maniatis et al., 1982). 
2. 2 . 5 Partial digestion and sucrose gradient fractionation of 
C. acetobutylicum chromosomal DNA 
A pilot Sau3A partial digestion of the C. acetobutylicum 
chromosomal DNA (10 ~g) was carried out to determine the optimal 
conditions for obtaining the desired insert size range (35-45 
kb) . The partial digestion was then scaled-up for the digestion 
of approximately 400 ~g chromosomal DNA. After monitoring the 
size distribution of the digests on 0.3% agarose gel, the DNA was 
phenol extracted, ethanol precipitated and resuspended in TE 
buffer (50 ~1 ) . The DNA was heated to 60°C for 10 min prior to 
loading on a sucrose gradient (10-40% w/v in lxTE and 1M NaCl) 
and centrifuged at 25000 rpm for 18h at 12°C in a Beckman SW28 
rotor. The gradient was fractionated (0.5 ml) and samples (25~1) 
of every third fraction were analyzed by 0.4% agarose gel 
electrophoresis (Appendix c. 3) • Fractions containing DNA 
molecules of 35-45 kb were pooled and' the DNA precipitated with 
ethanol and resuspended in TE buffer. 
2.2.6 Preparation of the cosmid vector DNA 
2.2.6.1 Digestion and phosphatase treatment of vector DNA 
The cosmid vector pWE15 was digested to completion with BamHI 
endonuclease (2 units ~g-l DNA) . The linearized vector DNA was 
extracted with phenol, precipitated with ethanol and resuspended 
in deionized water at a concentration of 
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. -1 Jll .. 
Dephosphorylation of the linearized cosmid vector with calf 
intestine alkaline phosphatase (CIAP; Boehringer Mannheim GmbH, 
Germ~ny) was carried out using 2.5 U per 50 pmole of 5'-termini 
in a reaction containing 50 mM Tris-HCl, pH 9.0, 1mM znc1 2 and 
1mM spermidine for 1h at 37 ° C. The reaction was terminated by 
adding EDTA to a final concentration of 15 mM and incubation at 
68°C for 10 min to inactivate the CIAP. The DNA was then 
extracted with phenol, precipitated with ethanol and redissolved 
in TE buffer at 1 Jlg J.l.l-1. 
2.2.6.2 Test ligation of dephosphorylated vector DNA 
To test the efficiency of the phosphatase reaction as well as the 
integrity of the BamHI cohesive termini, the following ligation 
reactions were carried out using pBR322, linearized with BamHI 
but not dephosphorylated. Ligation reactions (final volume 20 Jll 
containing 1 Jlg pWE15 with or without 1. 5 Jlg pBR322 were 
performed at 4°C overnight (Appendix C.4). Before T4 DNA ligase 
addition to the reaction, samples (1 Jll) from each ligation were 
removed for later analysis by gel electrophoresis. After 
overnight ligation, samples were then removed from the ligation 
reactions and analyzed by electrophoresis on a 0.8% agarose gel. 
2.2.7 Ligation and packaging of DNA 
2.2.7.1 Ligation of pWElS cosmid and insert 
Dephosphorylated pWE15 vector was mixed with size-fractionated 
chromosomal DNA (35-45kb) at a molar ratio of 10:1 
(vector:insert). The final concentration of DNA in the ligation 
reaction was 600 Jlg l -1 m • Ligation was carried out at 4°C 
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overnight using 2 U T4 DNA ligase. Samples of ligated DNA and 
controls were monitored by 0.8% agarose gel electrophoresis. 
2.2.7.2 In vitro packaging of recombinant cosmids 
The commercial packaging extracts made from E. coli BHB2690 (A E 
mutant) and E.coli BHB2688 (A D mutant) were used as recommended 
(Stratagene, USA; Boehringer Mannheim GmbH, Germany) . The ligated 
cosmid-chromosomal DNA mixture (4 ~1 ) and 40 mM ATP (1 ~1) were 
added immediately to melting Freeze/Thaw extract. The sonic 
extract of E. coli BHB2690 was then added quickly to the reaction 
and mixed well. The reaction mixture was centrifuged briefly to 
bring down all contents to the bottom of a microfuge tube and was 
incubated at room temperature (22°C) for 2 h. SM buffer (50 ~1) 
(Appendix B) and chloroform (20 ~1) were then added into the 
reaction mixture and cell debris was removed by centrifugation 
for 30 s in a microfuge. The supernatant was removed for 
titration or stored at 4°C. 
2.2.7.3 Titration of packaged cosmids 
A fresh colony from an overnight LB plate of E. coli HB101 was 
inoculated into TB medium (Appendix B) supplemented with MgS04 
(10mM final concentration) and maltose 0.2% w/v final 
concentration) and grown at 37oC with shaking for 4-6 h until the 
OD 600 reached approximately 1.0 (late exponential phase). Cells 
were pelleted by centrifugation and resuspended in sterile 10 mM 
Mgso 4 to an OD 600 of 0.5. 
A sample (50~1) of the diluted, packaged cosmids was added to an 
E.coli HB101 recipient cell suspension and absorbed at 37°C for 
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15-20 min. The suspension was diluted with 1 ml of LB medium and 
incubated for 1 h at 37·c with occasional shaking to allow 
expression of the Ap resistance gene marker. Samples (50~1) were 
plated onto LB plates containing Ap and incubated overnight at 
37·c. 
2.2.8 Library characterization 
2.2.8.1 Size of inserts 
A small number of recombinant cosmids was analyzed by restriction 
enzyme digestion to show the size of the insert. Randomly chosen 
E. coli transductants were inoculated into 3 ml 2xYT broth 
containing Ap and incubated with shaking overnight at 37•c. 
Cosmid DNA was isolated from the culture by the alkaline miniprep 
method of Ish-Horowicz and Burke (1981) (Appendix C.1.2). DNA was 
extracted once with phenol/chloroform, ethanol precipitated and 
resuspended in TE buffer (50 ~1). A sample (10 ~l) of DNA was 
digested with 3 U EcoRI restriction endonuclease and analyzed by 
0.8% agarose gel electrophoresis (Appendix C.3). 
2.2.8.2 Screening of pWElS cosmid library 
The cosmid library was screened by colony hybridization using the 
cloned ~hbd and adhl genes (Youngleson et al., 1989a, 1989b) as 
probes. Colonies of E. coli transductants of 1. 0 mm diammeter 
(approximately 10h at 37.C) on LB and Ap plates were transferred 
to sterile Amersham Hybond-N nylon disc filters. The replica 
filters were separated from the master plates and transferred 
onto LB and Cm plates for amplification overnight at 37 ·c. The 
master plates were incubated for a further 3-4 h at 37•c and were 
then sea'led with parafilm and stored at 4 ·C. The replica filters 
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were prepared for hybridization by being placed (colony side up) 
for 3 min on the surface of Whatmann 3MM paper prewetted with 10% 
(w/v) SDS. The filters were soaked in the denaturing solution 
( 0. SN NaOH, 1. SM NaCl) for 5 min. After neutralization ( 1. SM 
NaCl, O.SM Tris-HCl, pH 7.4) for 5 min, the filters were 
transferred to 2xSSC (Appendix B for 5 min. Finally, the 
filters were air-dried on a sheet of dry 3MM paper at room 
temper.ature. DNA released from bacterial colonies was fixed onto 
the Hybond-N nylon membrane by UV-crosslinking at 310 nm for 5 
min. Prehybridization was carried out as described (Appendix 
C.9). Cell debris was removed from the filter membrane by gentle 
rubbing of the membrane during the prehybridization incubation. 
The filters were then hybridized with a fresh 
solution containing 10 7 cpm nick-translated 
hybridization 
32P-labelled 
(Appendix C.8.1 ) DNA probe derived from pCADH100 containing the 
~hbd and adhl genes (Youngleson et al., 1988) at 68°C overnight. 
Post-hybridization washing and X-ray autoradiography were carried 
out as described in Appendix C.9. 
Putative recombinant cosmids showing positive hybridization with 
the colony hybridization screening were further characterized by 
DNA dot blot and Southern hybridization analysis. Fresh overnight 
broth cultures ( 1 ml, 2xYT and Ap of E. coli transductants 
containing recombinant cosmids were inoculate into 50 ml TB and 
Ap (Appendix B) . Cells were incubated with vigorous shaking (200 
rpm) at 37°C for approximately 12 h. Cosmid DNA was prepared by 
the DNA maxiprep method as described (Appendix C.1.3) and the DNA 
was redissolved in TE buffer (30~1). A sample (10~1) was digested 
with 3 U EcoRI or Bglii restriction enzyme. DNA fragments were 
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separated on a 0.8% agarose gel before being transferred onto the 
Hybond-N+ nylon membrane for Southern hybridization analysis 
(Appendix C. 9) . DNA dot blot analysis was carried out using a 
commercial dot blot apparatus following the recommended 
procedures (Schleicher & Schuell, Germany ) . 
2.2.9 Storage of the cosmid gene bank in E. coli 
Colonies grown on LB and Ap plates after transduction with 
packaged recombinant cosmids were collected by resuspension in a 
small volume of sterile LB and Ap broth. The cell mixture was 
ali quoted and sterile glycerol was added ( 15% v /v, final) . The 
cells were stored at -7o·c. 
Alternatively the DNA was extracted from the resuspended colonies 
(the maxiprep method) and stored at 4•c and -2o·c. 
2.3 Results 
2.3.1 Chromosomal DNA preparation from C. acetobutylicum P262 
Chromosomal DNA was isolated from C. acetobutylicum P262 as 
relatively large (>50kb) fragments indicating it had not been 
subjected to significant nuclease degradation (Fig.2.1 A lane 5) 
2.3.2 Titration of packaged DNA 
The packaging efficiency of the commercial packaging extract 
(Stratagene, . USA; or Boehringer Mannheim GmbH, Germany) was 
tested for both background and A wild type DNA before recombinant· 
cosmids were used as substrates for packaging. No background 
plaques were detectable when control packaging reactions (no DNA 
added ) were carried out. A packaging efficiency of more than 10 8 
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pfu ~g- 1 was obtained for A wild type DNA (ci857 sam7) packaging. 
Approximately 1x103 Ap resistant (ApR) colony forming units (cfu) 
were produced by the transduction of E. coli HB101 with diluted, 
packaged cosmid (50 ~1) This is equivalent to approximately 
4x10 4 ApR cfu ~g- 1 of insert DNA. 
A B 
123456 1 2 3 4 5 6 
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Fig. 2 .1 Southern blot analysis of three recombinant co~~ids 
(pHP5, lane 2; pHP21, lane 3 and pHP42, lane 4) with the [ P]-
labelled probe from the upstream region of the ~hbd (Bglii-Xmni 
fragment of pCADH100). DNA was digested with Bglii to completion 
and was separated by a 0. 7% agarose gel. Chromosomal DNA from 
C. acetobutylicum P262 (lane 5) and E. coli HB101 (lane 6) were 
included as controls. 
A: agarose gel B: autoradiogram of A. 
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2 . 3.3 Integrity of the cosmid gene bank 
An average insert size of 35 kb was obtained from the restriction 
digests of the randomly chosen recombinant cosmids (Fig . 2. 2) . 
For a library representative of the C. acetobutylicum genome with 
a 99% confidence , it was calculated that 787 recombinant cosmids 
carrying an average insert size of 35 kb were required. More than 
a thousand E. coli transductants containing recombinant cosmids 
from the pWE15 cosmid gene bank were obtained. 
Fig . 2 . 2 Agarose gel analysis of cosmid DNA from 18 random chosen 
transductants in the pWE15 cosmid gene bank of C. acetobutylicum 
P262 . DNA was digested with EcoRI to completion and was separated 
by a 0.8% agarose gel. A Hindiii DNA marker was indicated at lane 
2 . 
5 0 
2.3.4 Cosmid library characterization 
Putative recombinant cosmids generated from colony hybridization 
screening and DNA dot blot analysis (data not shown were 
analyzed by Southern hybridization. Three cosmid clones, pHPS, 
pHP21 and pHP42, containing the upstream region of the ~hbd gene 
were selected (Fig. 2. 3 ) for further characterization. 
A 
B 
123456789 ........ . 20 
1 2 3 ........... . 101112 
• 
-- -
Fig. 2.3 Restriction digests and Southern blot analysis of 
putative cosmids containing the upstream region of the ~hbd gene. 
The probe used was the same as in Fig. 2. 1. DNA digested with 
EcoRI was loaded in lanes 1-7 and lanes 19-20. pWE15 (EcoRI cut) 
and A Hindi I I marker were in lanes 7 and 8 respectively. All 
other lanes were DNA digested with Bglii. Cosmids, pHPS (lane 1, 
10); pHP21 (lane 2, 11) and pHP42 (lane 3, 12) were included. 
A: agarose gel, B: autoradiogram of A. 
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2.4 Discussion 
Assuming an average prokaryotic genome size of 6x106 bp (Starr et 
al., 1981, Mandelstam et al., 1982) and an average insert size of 
35 kb, the number of clones required (N) for a 99% probability 
(P=0.99) of cloning a specific fragment, was calculated by using 
the formula N = ln(l-P)/ln(l-f) (Clarke and Carbon, 1976), where 
f is the fraction of the total genome that each insert 
represents. Thus, ln (1-0. 99) /ln (1-35x103 /6x106) 787 was 
obtained. 
The pWE15 cosmid genomic library constructed for c. 
acetobutylicum P262 was fully representative of the genome of C. 
acetobutylicum since more than a thousand recombinant cosmids 
were obtained. The library can be used as a primary pool of genes 
for further genetic studies on C. acetobutylicum P262. 
Three cosmid clones harbouring upstream regions of the Phbd gene 
were isolated and the characterization of this region will be 
described in Chapter 3. 
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Chapter 3 
Cloning and molecular characterization of the upstream region of 
the Phbd and adhl genes 
3.0 Summary 
The 2 kb C. acetobutylicum DNA fragment containing the upstream 
region of the Phbd and adhl genes was sequenced and shown to 
contain a single open reading frame (ORF) . Codon usage analysis 
indicated that this ORF represented a genuine coding region. This 
ORF consisted of 1002 bp and encoded a 334 amino acid polypeptide 
with a calculated Mr of 35, 67 9. A presumptive ribosome binding 
site (RBS) was identified 9 nucleotides upstream of the ATG start 
codon. The deduced amino acid sequence of this ORF had 
significant amino acid identity to the fixE gene product from 
Rhizobium meliloti (43.8%), Azorhizobium caulinodans (43.8%) and 
the electron transport flavoproteins from humans (35.7%) and rats 
(31%). This ORF gene was termed the fixE gene of C. 
acetobutylicum P262. 
3.1 Introduction 
Several genes encoding enzymes involved in acid and solvent 
production in the ABE fermentation are linked on the chromosome 
of C. acetobutylicum (Gerischer and Diirre, 1990; Petersen et 
a1.,1991; Cary et al., 1988; Cary et al., 1990; Wiesenborn et 
al., 1989b; Youngleson et al., 1989b). Although these genes are 
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clustered in either convergent (the adc and ctf genes) or same 
orientation (the f3hbd and adhl genes; the ptb and bk genes), 
expression and regulation of these gene clusters still has to be 
studied (Gerischer and Dtirre, 1992). Since obvious promoter 
sequences were not detected immediately upstream of the J3hbd 
gene, the region further upstream of the f3hbd gene was studied. 
To characterize the upstream region of the f3hbd gene, a cosmid 
gene bank was constructed (Chapter 2) . This chapter deals with 
the cloning, characterization and nucleotide sequence analysis of 
this upstream DNA region. 
3.2 Materials and methods 
3.2.1 Bacterial strains, plasmids and growth conditions 
The bacterial strains and plasmids used in this study are listed 
in Appendix A. E. coli was grown aerobically at 37 ·c in LB or 
2xYT medium (Appendix B). Under anaerobic conditions E. coli was 
grown in LB containing 0.1% glucose and 0.5% sodium nitrate 
(LBR) . 
3.2.2 Chemicals 
Restriction endonuclease enzymes were commercially available from 
various sources. [a-3 2P] labelled dATP or dCTP were obtained 
from Amersham International. All other chemicals were of 
analytical grade and were commercially available. 
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3.2.3 Preparation of DNA 
Plasmid DNA was prepared by the alkaline-lysis method of Ish-
Horowicz and Burke (1981). The small-scale (miniprep) and large-
scale methods (maxiprep) of plasmid isolation are described in 
Appendix C. Chromosomal DNA from C. acetobutylicum P262 and from 
E. coli were prepared as described (Chapter 2, Appendix C.1.1). 
3.2.4 Radiolabelling the probe DNA 
Plasmids containing C. acetobutylicum DNA inserts or isolated DNA 
fragments were nick translated (Rigby et al., 1977) with [a-32P] 
dATP or dCTP using the nick translation kit of Amersham 
International (code N.5500). Detailed procedures are described in 
Appendix C.8.1. 
3.2.5 DNA hybridization 
Standard procedures with minor modifications were followed and 
are described in Chapter 2 and Appendix C.9. 
3.2.6 Nucleotide sequencing 
The ~hbd upstream region contained on the Noti-Bglii fragment of 
the cosmid pHP5 (Chapter 2) was subcloned between the BamHI and 
Noti sites of pBluescript-SK. Nested overlapping deletions of 
this DNA fragment were generated by exonuclease III digestion 
from both the 5' and 3' ends (Henikoff, 1984; 1987). Sequencing 
was done by the dideoxynucleotide chain termination method of 
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Sanger et al. ( 1977), according to the protocol of Tabor and 
Richardson (1987) with modifications (Winship, 1989; Appendix 
C. 7), using the Sequenase DNA sequencing kit (USB, Cleveland, 
Ohio, USA) . The DNA chains were labelled with [a- 35s] dATP (1200 
Ci mmol- 1 ) . The detailed sequencing procedures are described in 
Appendix C.7. 
3.2.7 Nucleotide sequence analysis 
The nucleotide and deduced amino acid sequences were analyzed on 
a VAX 6000-330 computer using the Genetics Computer Group Inc. 
suite of sequence analysis programs (Devereux et al., 1984). The 
databases GeneBank (release 65.0), EMBL (release 24.0), SWISS-
Protein (release 15.0), NBRF-Nucleic (release 36.0), and NBRF-
Protein (release 25.0) were searched for related nucleotide and 
amino acid sequences. 
3.2.8 Metronidazole sensitivity test 
A number of electron transfer genes cloned from C. acetobutylicum 
P262 confer metronidazole sensitivity on the nitroreductase 
deficient mutant E. coli F19 (Santangelo et al., 1991). A plasmid 
containing the fixE gene only (pCAFIXB was constructed by 
deleting the part of Phbd gene from the cosmid subclone and the 
minimum inhibitory concentration (MIC) for metronidazole of E. 
coli F19 containing the fixE gene was determined by the method 
described by Santangelo (1991, Ph. D thesis. University of Cape 
Town ) . Appropriate controls including the parental vector 
(pBluescript-SK ) were included. 
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3.2.9 Cross-hybridization with the nifHDK from K~ebsie~~a 
pneumoniae 
Since the fixB is involved in the nitrogen fixation in K. 
pneumoniae, the plasmid pSA30 (Riedel et al., 197 9) containing 
the nifHDK genes cloned from K. pneumoniae was used to test 
whether the homologous nifHDK genes are present in 
C. acetobutylicum. Standard procedures with minor modifications 
were used as described (Southern, 1975; Appendix C.9). 
3.3 Results 
3.3.1 Cloning the upstream region of the ~hbd gene 
Three cosmids (pHP5, pHP21 and pHP42) containing the ~hbd 
upstream region were isolated from the cosmid gene bank (Chapter 
2) . The upstream DNA region was restriction mapped in one of 
these three cosmids (pHP5) (Fig. 3.1 ) . The Noti-Bglii fragment 
containing the upstream DNA region was subcloned into 
pBluescript-SK for sequencing. The upstream location of this 
fragment was confirmed by Southern hybridization and nucleotide 
sequence analysis of the ~hbd gene and its upstream ORF. 
3.3.2 Nucleotide sequence 
The nucleotide sequence of the upstream DNA region was determined 
and shown to contain a complete open reading frame consisting of 
1002 bp encoding a 334 amino acid polypeptide of calculated Mr 
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35,679 (Fig. 3.2). A putative ribosome binding site (AGGAGGG) was 
located 9 nuc leot ides upstream of the ATG start codon. The 
sequence data has been submitted to the GenBank and the assigned 
accession number is M91817. 
A 
1 2 3 4 5 6 7 8 910111213 
B 
. -
-
-· -
Fig. 3.1 Restriction enz yme mapp ing by Southern blot analysis of 
pHP5 cosmid. DNA was digested with vario~~ restriction enzymes to 
completion before hybridization to t he [ P]-labelled probe as in 
Fig . 2.1. Lane l:Acci; 2 : BamH I; 3:AHindiii marker; 4:Bg1II; 
5 :EcoRI; 6:Hindiii; 7:Kpni; 8 : Psti ; 9:Sa1I; lO:APsti marker; 
ll:Saci; 12:Smai; 13:Noti. 
A: agarose gel, B: aut o radi ogram o f A. 
10 30 50 70 90 110 
I I I I I I I I I I I I 
GATCAAATCAAGGTTATGACTQCAGATGATATAGATGTAGATAAAGCTGAATTAGGACTTAAAGGTTCACCTACAAAGGTTAAGAAGTCAATGACTAAAGAAGTTAAGGGCGCAGGAGAA 
Psti 
130 150 170 190 210 230 
I I I I 'f I I I I I I I 
CTTGTAAAAGAATCAGCTAAAGAATCAGTTAGTTATGTTTTCGGAAAATTAAAAGAAAAACACTACATCTAAGATAATAGQAGGQTAATTTATT ATG AAT ATA GCA GAT TAC 
M N I A D Y 
S.D. 
250 270 290 310 
I I I I I I I I 
AAA GGC GTT TGG GTC TTT GCT GAA CAA AGA GAA GGC GAA TTA CAA AM GTA TCT TTA GAA CTA CTT GGA GAA GGT AGA AGA GTT GCT GAT 
K G V W V F A E Q R E G E L Q K V S L E L L G E G R R V A D 
330 350 370 390 410 
I I I I I I I I I 
AAA TTA GGA GTA AAG TTA ACA GCT TTA TTA CTA GGA AGC AAT GTA GAA GGT ATC AAA GAC TTA GCA GAA CAT GGT GCA GAT GAA GTT TTG 
K L G V K L T A L L L G S N V E G I K D L A E H G A D E V L 
430 450 470 490 
I I I I I I I I I 
GTT GCA GAT AAT AAA GAC TTA CAA CAC TAT ACT ACT GAT GCA TAT ACA AAA GTT ATT TGT GAT TTA GCA AAT GAA AGA AAG CCA GGA ATA 
V A D N K D L Q H Y T T D A Y T K V I C D L A N E R K P G I 
510 530 550 570 590 
I I I I I I I I 
TTA TTT GTT GGA GCT ACT TTC ATA GGT AGA GAT TTA GGT CCT AGA GTT GCA GCT AGA TTA AAT ACT GGA CTT ACA GCT GAC TGT ACA TCA 
L F V G A T F I G R D L G P R V A A R L N T G L T A D C T S 
610 630 650 670 
I I I I I I I I 
ATC QAT GTT GAA GTT GAA AAT GGT GAT TTA TTA GCT ACA AGA CCA 
I D V E V E N G D L L A T R P 
Clai 
GCA TTT GGT GGT AAC TTA ATG GCA ACA ATC GCT TGT CCA GAA CAC 
A F G G N L M A T I A C P E H 
690 710 730 750 770 
I I I I I I I I I 
AGA CCA CAA ATG GCT ACA GTA AGA CCA GGA GTT TTC GAA AAA GTT AAC ACT GAT GGA GCT AAC TGT AAA GTA GAA AAA GTT GAA GTT AAG 
R ~ Q M A T V R P G V F E • K V N T D G A N C K V E K V E V K 
790 810 830 850 
I I I I I I I I I 
TTA ACT AAT AAT GAT CTT AGA ACT AAA GTT TTA GAA ATC ATT AAG AGC AAA AAG GAT ATT GTA QAT ATC TCA GAA GCT AAG ATT ATA GTA 
L T N N D L R T K V L E I I K S K K D I V D I S E A K I I V 
EcoRV 
870 890 910 930 950 
I I I I I I I I I 
GCG GGG GGT AGA GGA GTA GGT TCT AAA GAA AAC TTC GAA TTA CTA GGA GAA TTA GCA AAA GTT TTA GGT GGA ACT GTT GCA GGT TCA AGA 
A G G R G V G S K E N F E L L G E L A K V L G G T V A G S R 
970 990 1010 1030 
I I I I I I I I I 
GCT GCT GTT GAA AAA GGA TGG ATA GAA AAT GCT TAC CAA GTT GGT CAA ACT GGT AAA ACT GTT AAA CCA TCA ATA TAT ATA GCT TGT GGT 
A A V E K G W E N A Y Q V G Q T G K T V K P S I Y I A C G 
1050 1070 1090 1110 1130 
I I I I I I I I I 
ATT TCA GGA GCT ATC CAA CAC GTT GCT GGT ATG CAA GAT TCT GAT ATG ATC ATA GCT ATA AAT AAA GAT GAA ACT GCA CCA ATA ATG AAA 
I S G A I Q H V A G M Q D S D M I I A I N K D E T A P I M K 
1150 1170 1190 1210 
I I I I I I I I I 
GTT GCA GAC TAT GGT ATA GTT GGA GAC GTT AAG AAT GTT TTA CCT GAA TTA ATT GCT CAA GCT AAA GAA ATA ATA AGT GCT QAA TAA T 
V A D Y G I V G D V K N V L P E L I A Q A K E I I S A E 
Xmni 
1230 1250 1270 1290 1310 
I I I I I I I I I I 
TTCAGTTTTAATAATATATTATTTTCTATTTGAAAAGAAAAAGTTAATAATATAACAATATAAATAATTAATTAACAATATTAATAATTTTTTAACAAGT 
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Fig.3.2 Nucleotide and deduced amino acid sequences (in 
single-letter code) of the fixE gene and the upstream 
intergenic region. The putative ribosome binding site (SD) is 
in boldface type and underlined. The transcription initiation 
site was identified by primer extension experiments (see 
chapter 4) and is indicated by an inverted solid triangle. The 
Psti, Clai, EcoRV and Xmni restriction sites are shown in 
boldface type. 
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3.3.3 Amino acid homology studies 
The deduced amino acid sequence of this upstream ORF was used to 
search the available data bases using the FASTA and TFASTA 
computer programs. The deduced amino acid sequence was found to 
have 43.8%, 43.8%, 35.7% and 31% amino acid identity to the fixE 
gene product of R. meliloti, A. caulinodans and the electron 
transport flavoproteins of humans and rats, respectively (Fig. 
3. 3) . Highly conserved regions were located in the C-terminal 
parts of these proteins. On the basis of the homology with the 
fixE gene product, this ORF was named the fixE gene of c. 
acetobutylicum. 
3.3.4 Metronidazole sensitivity 
The MIC for metronidazole was found to be 25 g ml- 1 when tested 
anaerobically in E.coli F19 (pCAFIXB) cells. There was no 
apparent difference in metronidazole sensi ti vi ty between E. coli 
cells containing either pCAFIXB or pBluescript-SK (data not 
shown) . 
3.3.5 Homology to nifHDK gene 
Southern hybridization data (Fig. 3.4 ) indicated the absence of 
a DNA region on the C. acetobutylicum P262 chromosome with 
homology to the conserved nifHDK region of K. pneumoniae. 
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AcFixB D L t · · Y V V A D P L L T D Y R N E A Y T K A L T D V V N T Y It P B I L L L G A T T L G R D L A G 
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RatETFA G V A K V L V A 0 H D A Y K G L L P B E L ~~-- L I L E T Q 1t Q F S Y T H I V A G A S A F G K N L L p 
CaFixB 
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AcFixB S V A T T L L T G L T A D C T E L D V D • A D G S L A A T R P T F G G S L L C T I T T L N y R p a M 
HumETFA R V A A K L • · E V A P I S D I I A I K • S P D T F • • V R T I Y A G N A L C T V K C • D E K V K V 
RatETFA R V A A K L • • N V A P V S D I I E I K • S P D T F • • V R T I T A A N A L C T V K C • D E K V It V 
. 200 250 
CaFixB A T V R P G V F E K V N . T D G A N C K V E K V E V K L T N N D L R T It V L E I I • It S • • K K D I 
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RatETFA F S V R G T S F E A A A A S G G S A S S g It A P S S S S A G • • • • • • I S g W L D Q It L T K S D R 
300 
350 
Fig. 3. 3 Comparison of the fixE gene products from 
c.acetobutylicum P262, R. meliloti, A. caulinodans, with the a-
subunit of human and rat electron transfer flavoproteins. 
Identical amino acids conserved in the five sequences are boxed. 
CaFixB, c. acetobutylicum P262 fixE product; RmFixB, R. meliloti 
fixE product (Earl et al., 1987); AcFixB, A. caulinodans fixE 
product (Arigoni et al., 1991); HumETFA, human electron transfer 
a-subunit (Finocchiaro et al., 1988); RatETFA, rat a-ETF 
(Shinzawa et al., 1988). 
61 
A B 
1234567 1 2 3 4 5 6 7 
Fig. 3.4 Cross-hybridization between the nifHDK (K. pneumoniae) 
and the fixE (C. acetobutylicum P262). The probe, nifHDK cloned 
in pSA30 (EcoRI cut, lane 3), was labelled with (32p] by nick 
translation. Plasmid pACYC184 (EcoRI cut, lane 2) and chromosomal 
DNA (Sau3A, partial digest) from E. coli HB101 (lane 4) and from 
C. acetobutylicum P262 (lane 5) were included. The purified fi x E 
gene fragment (Psti-EcoRV fragment of pCAFIXB) was at lane 6. The 
pBluescript-SK (Psti cut) was at lane 7. 
A: agarose gel, B: autoradiogram of A. 
3.3.6 Codon usage 
The GenBank database contains nine C. acetobutylicum genes. A 
codon frequency table was compiled, based on the coding regions 
of these genes (Table. 3. 1) The codon usage of these genes has 
indicated an A and U bias preference in codons of C. 
acetobutylicum genes. Codons such as GCC, CGG, CGC, CUG, cue 
,CCG, CCC, UCG, ACG, and GUC were rarely used compared with other 
synonymous codons for the same amino acid. Only 4 4 out of the 
possible 61 codons were used in the C. acetobutylicum fixE gene. 
Seven codons were used once and the stop codon UGA was never used 
in any of the reported C. acetobutylicum genes. 
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Table 3.1 Codon usage of 9 known c. acetobutylicum genes as 
compared to the fixE gene of pCAFIXB. 
Identified C. acetobutylicum genes b Totals 
aa coo a A B c D E F G H Sum %c fixB 
Ala GCG 4 0 3 0 0 1 1 3 1 13 6.1 1 
GCA 12 9 20 2 6 24 8 8 5 94 44.3 13 
GCU 18 21 10 0 21 15 3 6 3 97 45.8 21 
GCC 1 0 1 0 2 0 1 1 2 8 3.8 0 
Arg AGG• 0 1 2 2 0 0 0 2 1 8 7.2 0 
AGA• 9 9 27 1 3 19 4 4 3 79 71.2 13 
CGG• 0 0 0 0 0 0 0 0 0 0 0.0 0 
eGA• 0 0 4 2 0 0 2 1 0 9 8.1 0 
CGU 0 0 5 0 2 0 1 3 0 11 9.9 0 
CGC 0 0 1 1 0 0 1 1 0 4 3.6 0 
Asn AAU• 13 4 46 4 27 29 13 8 7 151 80.3 11 
AAC 1 4 8 3 4 6 7 1 3 37 19.7 4 
Asp GAU 18 15 51 3 20 26 5 17 5 160 85.6 16 
GAC 2 1 7 3 5 4 4 1 0 27 14.4 5 
Cys UGU 4 2 4 1 2 5 2 3 0 23 65.7 5 
UGC 1 1 3 3 2 1 1 0 0 12 34.3 0 
G1n CAG 0 0 10 0 6 0 6 2 0 24 26.7 0 
CAA 9 6 19 1 11 11 4 2 3 66 73.3 9 
Glu GAG 2 0 15 0 2 3 2 6 0 30 13.6 0 
GAA 30 22 63 3 11 31 7 8 15 190 86.4 26 
Gly GGG• 1 0 8 2 0 1 1 2 0 15 6.7 1 
GGA• 14 20 32 1 15 23 9 10 10 134 60.1 14 
GGU 8 4 13 0 8 5 5 1 5 49 22.0 17 
GGC 3 1 3 0 6 3 9 0 0 25 11.2 2 
His CAU 10 1 11 0 5 8 1 5 3 44 77.2 1 
CAC 1 1 7 0 1 0 1 2 0 13 22.8 3 
lle AUA• 9 4 24 5 23 3 6 7 9 90 39.3 13 
AUU 16 16 30 3 10 15 7 10 7 114 49.8 6 
AUC 2 8 5 1 2 3 3 1 0 25 10.9 7 
Leu uuG• 1 1 9 1 3 1 3 3 0 22 9.4 1 
UUN 23 12 28 5 12 32 6 10 8 136 57.9 22 
CUG 0 0 2 1 1 1 0 1 0 6 2.6 0 
CUA 6 1 8 1 0 4 0 0 1 21 8.9 3 
cuu• 2 5 16 1 4 1 4 9 3 45 19.1 3 
cue 0 0 1 1 2 0 0 1 0 5 2.1 0 
Lys AAG 14 7 21 5 8 7 5 6 5 78 30.8 7 
AAA 20 17 51 4 24 25 13 10 11 175 69.2 19 
Met AUG 16 11 22 4 11 13 6 9 5 97 100.0 6 
Phe uuu 15 7 34 1 17 16 8 7 6 111 80.4 3 
uuc 4 4 9 1 1 5 2 0 1 27 19.6 3 
Pro CCG 1 0 5 0 0 0 0 0 0 6 4.8 0 
CCA• 15 6 18 1 6 17 4 6 2 75 60.0 7 
ccu• 3 2 10 2 9 3 3 8 0 40 32.0 2 
ccc• 0 0 0 0 0 0 0 4 0 4 3.2 0 
Ser AGU• 2 0 10 3 12 3 13 2 1 46 21.3 1 
AGC 0 3 7 2 4 0 5 5 1 27 12.5 2 
ucG• 1 0 0 1 1 1 0 1 0 5 2.3 . 0 
UCN 13 12 24 2 19 4 6 1 8 89 41.2 5 
ucu 2 1 12 4 14 6 1 2 2 44 20.4 3 
ucc 0 0 2 1 1 0 1 0 0 5 2.3 0 
Thr ACG 0 
ACN 16 
ACU 8 
ACC 0 
Trp UGG 2 
Tyr UAU 14 
UAC 1 
Val GUG 2 
GUA 12 
GUU 6 
GUC 1 
END UGA 0 
0 
1 
UAG 
UAA 
0 
5 
8 
0 
1 
6 
1 
0 
8 
14 
0 
0 
0 
1 
3 
23 
17 
2 
21 
51 
9 
7 
20 
23 
0 
0 
1 
0 
0 
4 
2 
2 
0 
6 
1 
1 
0 
3 
0 
0 
0 
1 
0 
21 
26 
2 
1.0 
16 
6 
0 
10 
12 
2 
0 
0 
1 
0 
12 
8 
0 
4 
13 
4 
1 
13 
12 
1 
0 
0 
1 
4 
12 
10 
4 
7 
13 
3 
1 
4 
6 
3 
0 
0 
1 
2 
6 
4 
1 
1 
13 
1 
2 
7 
6 
1 
0 
0 
1 
0 
4 
3 
1 
2 
4 
1 
2 
3 
3 
1 
0 
0 
1 
9 
103 
86 
12 
48 
136 
27 
16 
77 
85 
9 
0 
1 
8 
4.3 
49.0 
41.0 
5.7 
100.0 
83.4 
16.6 
8.5 
41.2 
45.5 
4.8 
0.0 
11.1 
88.9 
0 
7 
11 
0 
2 
4 
2 
0 
8 
24 
1 
0 
0 
1 
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a E. coli rare codons are marked by an asterisk (Ernst, 1988). 
b Identified C. acetobutylicum genes are as follows: A, alcohol 
dehydrogenase (Youngleson et al., 198 9b) ; B, 3-hydroxybutyryl 
CoA dehydrogenase (Youngleson et al., 1989a); C, 
~-galactosidase (Hancock et al., 1991); D, ~-galactosidase 
regulatory protein (Hancock et al., 1991); E, endoglucanase 
(Zappe et al., 1988); F, glutamine synthetase (Janssen et al., 
1988); G, xylanase (Zappe et al., 1990); H, acetoacetate 
decarboxylase (Gerischer and Dtirre, 1990) .I, flavodoxin 
(Santangelo et al., 1991). 
c% total is expressed as the percentage of use within the group 
of synonymous codons. 
However, rare codons used in E. coli such as GGA (Gly) , UUA 
(Leu), AAU (Asn), CCA (Pro), AGA (Arg), UCA (Ser) and ACA (Thr) 
(Konigsberg and Godson, 1983; Allf-Steinberger, 1984; Ernest, 
1988) were preferentially used over all other synonymous codons 
in C. acetobutylicum genes. 
The computer program CodonPreference (Devereux et a1.,1984) and 
the constructed codon frequency table for C. acetobutylicum 
(Table. 3.1. facilitated the assembly of the graphs and 
diagrams presented in Fig. 3. 5. Rare codons were determined by 
the method of Gribskov et al. (1984) and the third position 
compositional bias was calculated (Bibb et al., 1984) . Fig. 3. 5 
shows that rare C. acetobutylicum codons are used less often in 
0 
0 
CODONPREFERENCE of: Fixb.Seq Ck: 8521, 1 to 1321 December 18, 1991 15:09 
Codon Table: genrundata:cac.cod PrefWindow: 25 Rare Codon Threshold: 0.10 
BiasWindow: 25 Density: 43.3 
500 1,000 
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Fig. 3. 5 Third position -AT bias and open reading frame display 
for the single forward reading frame of pCAFIXB. The dashed 
horizontal line in the plot represents the mean AT bias for this 
sequence. All possible open reading frames are shown as boxes 
beneath the plot for their respective reading frames. Start 
codons are shown as short lines that extend above the height of 
the box, and stop codons are marked by lines that extend below 
the bottom of the box. Only the start and stop codons at the 
beginning and end of an open reading frame are displayed. C. 
acetobutylicum rare codons in each reading frame are marked below 
the open reading frame display by short vertical lines. A rare 
codon threshold (p) of 0.10 was used for these plots. 
1-
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the fixE open reading frame than in the intergenic regions. The 
compositional bias for each reading frame is the fraction of the 
third position in each codon that is either A or T, using a 
sliding window of 100 nucleotides. Based on these A-T bias plots, 
an above average value for a biased codon in which A or U is in 
the third position was present in this fixE gene. These data 
provide evidence that fixE is a coding region. 
3.3.7 G+C content 
The overall G+C content of several c. acetobutylicum genes 
reported in the GenBank database is 28.7% for adhl, 30.76% for 
f3hbd, 30.45% for cbgA, 30.33% for eglA, 30.31% for glnA, 31.57% 
for xynE, 33.84% for adc and 30.43% for floxd gene, respectively: 
These values are higher than the overall G+C content for C. 
acetobutylicum which is 28% (Cummins and Johnson, 1971). The G+C 
content for the C. acetobutylicum fixE gene was 36%. It was also 
shown that the G+C content of the fixE coding region was much 
higher than that of noncoding regions (intergenic regions) . This 
higher G+C content in the coding region of C. acetobutylicum 
genes reflects the requirement for G's and C's in the first two 
positions of the codons to allow for translation to include all 
amino acids. 
3.3.8 Putative ribosome binding site and translation initiation 
codon 
Translation of mRNA into a polypeptide is initiated by the 
annealing of the ribosome binding site (RBS) of the mRNA to the 
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16S ribosomal RNA. A typical purine rich sequence 4 to 15 
nucleotides upstream of the start codon was characterized as a 
RBS in E. coli and B. subtilis (Shine and Dalgarno, 1974). The 
consensus SO sequence 5'-AGGAGG-3' is complementary to the 3' end 
of 16S ribosomal RNA (Gold et al., 1981; Gold, 1988). Besides the 
AUG start codon, GUG or UUG codons have been reported as 
occasional start codons in prokaryotes (Kozak, 1983) . Non-AUG 
initiation codons were used more frequently in B. subtilis and 
other Gram-positive organisms (Hager and Rabinowitz, 1985) . The 
putative RBS (AGGAGGG) of the fixE gene was identified 9-bp 
upstream of the AUG start codon (Fig. 3.2 ) . This putative RBS 
resembled those reported for the adhl, ~hbd (Youngleson et al., 
1988, 1989a), eglA (Zappe et al., 1988) and adc genes (Gerischer 
and Di.irre, 1992) (Table 3.2). 
3.4 Discussion 
Nitrogen fixation has been demonstrated in certain Clostridium 
species including C. acetobutylicum (Rosenblum and Wilson, 1949). 
Since a significant amino acid homology was found between the 
FixB protein of R. meliloti and this ORF gene product of C. 
acetobutylicum and their predicated molecular weight of proteins 
were similar (37,786 and 35,679, respectively), probing of the 
C. acetobutylicum P262 chromosomal DNA with the conserved 
nitrogenase (nifHDK) genes from K. pneumoniae was carried out. 
However, it did not reveal any DNA homology between these two 
genes (Fig. 3.4). The absence of a DNA region on the C. 
acetobutylicum chromosome homologous to the conserved nifHDK 
genes may suggest that C. acetobutylicum can not fix nitrogen. 
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Table 3.2 Nucleotide sequences of putative ribosome binding sites 
of C. acetobutylicum gene 
Gene Sequence 
adhl AUUUUUAGGAGGUAUGAUUUAUG 
j3hbd GAUUUUGAGGAGGAUUUAUCUAUG 
eglA UUUAUAAUAGGGGGUAUUAACUUG 
glnA AUGUAAAGGGGGAGUUGUAAAAUG 
adc AAAUUUAGGAAGGUGACUUUUAUG 
actB UAGUAAAGGAGCCUGCAUAAAAUG 
CoAT 
(2 8kDa) 
actA AAUUUAAAAGGAGGGAUUAAAAUG 
CoAT 
(26kDa) 
buk GUUAAGUGGAGGAAUGUUAACAUG 
ptb GUAAAAGGGAGUGUACGACCAGUG 
thl AAAUUUAGGAGGUUAGUUAGAAUG 
flox UUAAUUAGGAGGAUUUUAUCAAUG 
fixE GAUAAUAGGAGGGUAAUUUAUUAUG 
cbgA UGAAAGUGAGGGGGUAAGUAUG 
cbgR GGUGUUGGCGGAGAUGCAAUG 
AAUGCUGGGGAGCACCAUG 
spoiiD AGCUUUAGGAGGAGGAAAUAAUG 
-18.0 
-15.9 
-16.4 
-16.7 
-20.1 
-12.3 
-17.1 
-13.8 
-10.3 
-18.0 
-15.9 
-15.9 
-17.1 
-11.7 
-12.7 
-15.9 
Spacing Reference 
9 
8 
7 
8 
8 
10 
7 
9 
10 
9 
9 
9 
5 
6 
4 
8 
Youngleson 
et al., (1988) 
Youngleson 
et al., (1989a) 
Zappe 
et al., (1988) 
Janssen 
et al., (1988} 
Gerischer & 
Dtirre ( 1990) 
Petersen, 
(unpublished) 
Gerischer & 
Dtirre (1990) 
Petersen 
(1991) 
Petersen 
(1991) 
Petersen 
(1991) 
Petersen 
(1991) 
Santangelo 
et al., (1991) 
This study 
Hancock 
et al., (1991) 
Hancock 
et.al., (1991) 
Hancock et al 
. , (in press) 
a Free energies (kcal/mol) were calculated using an algorithm 
based on the data of Salser (1977) . Spacing is measured from the 
first base to the right of the purine run (GGAGG or its 
equivalent). Sequences of purine runs and initiation codons are 
underlined. 
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However, further experiments must be done to confirm this. The 
FixB proteins of R. meliloti and A. caulinodans show significant 
homology to the electron transport flavoproteins (ETF) of humans 
(63%) and rats (53%) (Arigoni et al., 1991) and the molecular 
weights 
propose 
of these 
that the 
proteins are very similar. Arigoni et al. 
fixB gene product plays a role in a redox 
process involved in nitrogen fixation in R. meliloti and A. 
caulinodans, possibly involving the product of fixA gene which 
resembles the ~-subunit of ETF. Although the FixB protein of 
C. acetobutylicum has significant amino acid homology to these 
proteins, its real functional role in C. acetobutylicum P262 
remains to be established. 
The antibacterial agent metronidazole has been used as a tool for 
the isolation of c. acetobutylicum electron transport genes 
(Santangelo et al., 1991). A flavodoxin encoding gene which makes 
E. coli F19 extremely sensitive to metronidazole has been 
isolated from C. acetobutylicum P262. The gene encoding the small 
subunit of glutamate synthase (GOGAT) was also isolated from C. 
acetobutylicum P262 using the same metronidazole sensitivity 
assay as in E. coli F19 (Woods, personal communication). The fixE 
gene of C. acetobutylicum P262 
transport protein which does 
metronidazole in E. coli F19. 
encodes a 
not confer 
putative electron 
sensitivity to 
Bacterial ribosome binding sites comprise the initiation codon 
and an upstream purine tract which is complementary to the 3 '-
terminus of the 168 rRNA (3'-UCUUUCCUCCACU-5' in E. subtilis vs. 
3'-AUUCCUCCACU-5' in E. coli). The efficiency of ribosome binding 
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is dependent on the free energy of mRNA-rRNA interaction and the 
spacing between the Shine-Dalgarno sequence and the translational 
start site. RBSs of characterized clostridial genes have been 
compiled by Young et al. (1989a, 1989b). The average free energy 
of Shine-Dalgarno pairing of 27 clostridial RBSs is -16.7 
kcal/mol compared to -9 kcal/mol for the E. coli RBS. The spacing 
between RBS and the translation initiation codon in clostridial 
genes range from 6-13 nucleotides with an average of 8 
nucleotides. A similar spacing has been found in E. coli RBSs. 
The 9 · nucleotide spacing and -15.9 kcal/mol free energy were 
found for the fixE gene of C. acetobutylicum P262 (Table 3.2) 
suggesting its RBS would be functional in E. coli. 
The importance 
fixation in R. 
of the FixB protein for symbiotic nitrogen 
meliloti and other rhizobia has been reported 
(Earl et al., 198 7) . However, none of these fix genes shows 
either structural or functional homology to any nif genes from 
K. pneumoniae (Earl et al., 1987). In obligate anaerobic nitrogen 
fixers, the endogeneous donor of electrons to nitrogenase is 
ferredoxin or flavodoxin (Mortenson, 1964; Benemann et al., 1969; 
Yoch et al., 1969). In fact, a flavodoxin was constitutively 
produced to serve this function in A. vinelandii (Scherings et 
al., 1977). It remains to be resolved whether or not the FixB 
protein of C. acetobutylicum is involved in nitrogen fixation or 
the ABE fermentation pathway. 
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Chapter 4 
Transcription of C. acetobutylicum fixB, ~bbd and adhl genes in 
C. acetobutylicum P262 and in E. coli 
·4.0 Summary 
Expression of three linked C. acetobutylicum genes, fixE, ~hbd 
and adhl, was studied at the transcriptional level in C. 
acetobutylicum P262 and in E. coli. Each gene had its own 
promoter(s) and was independently and constitutively transcribed 
in C. acetobutylicum P262 throughout the growth stages of the ABE 
fermentation. The size of the RNA transcript of each gene was 
determined as 1. 4 kb. At least two major transcription start 
sites were identified for the ~hbd and adhl genes while only one 
transcription initiation site was used for the fixE gene in C. 
acetobutylicum. Promoters of these three genes were recognized by 
both C. acetobutylicum and E. coli. These results suggest that 
the adhl gene is not part of a branched solvent pathway which is 
only induced and transcribed during the solventogenic phase. 
4.1 Introduction 
The ABE fermentation of C. acetobutylicum is characterized as a 
biphasic, (acidogenic and sol ventogenic) , fermentation pattern. 
During exponential growth, acetate and butyrate are produced. 
Before reaching the stationary phase, the organism shifts from 
the acidogenic phase ·into the sol ventogenic phase where acetone 
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and butanol are produced. Prerequisites for this shift have been 
established as low pH, critical threshold concentrations of acids 
and a suitable growth-limiting factor such as phosphate ·or 
sulfate (Jones and Woods, 1986a; Rogers, 1986; Bahl and 
Gottschalk, 1988) . However, the molecular mechanisms for the 
onset of solventogenesis remain unclear. 
In recent years progress has been made in the understanding of 
these onset mechanisms. The enzymes responsible for acetone 
formation such as acetoacetyl coenzyme A:acetate/butyrate 
:coenzyme A transferase (Co AT, the ctf gene and acetoacetate 
decarboxylase (AADC, the adc gene ) have been purified and their 
encoding genes have been cloned. Nucleotide sequences of these 
two genes have also been determined (Cary, et al., 1990; 
Gerischer and Dtirre, 1990; Petersen and Bennett, 1990a; 1990b). 
With regard to the alcohol-forming enzymes, the NADPH-dependent 
ethanol dehydrogenases and at least two NADH-dependent butanol 
dehydrogenases, have been cloned and sequenced (Youngleson et 
al., 1988, 1989b; Petersen et al., 1991). The enzyme 3-
hydroxybutyryl-CoA dehydrogenase, which is involved in the 
central metabolic pathway of the ABE fermentation, has also been 
cloned and sequenced (Youngleson et al., 1989a). The clustering 
of these metabolically related genes on the chromosome in C. 
acetobutylicum has raised the possibility of an operon structure 
for these genes. The adc and ctf genes have been shown to be 
linked in a convergent orientation (Gerischer and Dtirre, 1992) . 
Recent transposon-mediated mutagenesis with C. acetobutylicum has 
helped the understanding of the regulation of solvent production 
(Bertram et al., 1990). The presence of multi-forms of alcohol-
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forming enzymes and a central regulator for acetone and butanol 
(but not ethanol) production were observed (Bertram et al., 
1990). 
Three genes, fixE, ~hbd and adhl of c. acetobutylicum P262 were 
shown to be linked together on the chromosome (Chapter 3). To 
understand the relationship between these genes during the ·ABE 
fermentation, expression was investigated at the transcriptional 
level in C. acetobutylicum and E. coli. This chapter describes 
the characterization of mRNA transcribed from these .three genes 
in both bacteria. 
4.2 Materials and methods 
4.2.1 Bacteria, plasmids and growth conditions 
C. acetobutylicum. P262 was obtained from National Chemical 
Products, South Africa. Cells were grown anaerobically in CBM or 
TYG medium (Appendix B) at 37 "C as described by Allcock et al. 
(1982). E. coli YMC10, a lacz mutant, was used for lacz fusion 
studies. E. coli cells were grown on 2xYT medium, with X-Gal and 
Ap (100 ~g ml- 1 ) added. Plasmids used in this study are listed in 
Appendix A. 
4.2.2 Construction of lacZ-fusion plasmids 
DNA fragments containing the upstream regions of the fixE, Phbd 
and adhl genes were isolated from the plasmids, pCAFIXB and 
pCADH100. DNA fragments isolated from the agarose gel were 
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purified using Geneclean (BI0101, CA. USA; Appendix C.2 and 
were blunt-ended before ligation to the promoter-probe vector 
pMC1403 at the Smai site. The translational in-frame lacZ-fusion 
plasmids were selected by transforming E. coli YMC10 cells with 
these recombinant plasmids and screening on X-Gal/Ap and lactose 
McConkey/Ap plates. The putative blue colonies on the X-Gal/Ap 
plate and red colonies on the McConkey/Ap plate were chosen for 
further DNA analysis. Nucleotide sequencing of these fusion 
regions was performed using the dideoxy-chain-termination method 
of Sanger (1977) as described in Chapter 3 and Appendix c~7 using 
a synthetic primer (5'-CGCCAGGGTTTTCCCAG-3'). 
4.2.3 ~-Galactosidase activity assay 
The ~-Galactosidase activity of various E. coli cells transformed 
with the lacZ-fusion construct plasmids was determined by an 
adaptation of the method of Miller (1972). Cells (5 ml) were 
harvested after overnight growth (16 h ) at 37·c in 2xYT medium 
containing 2 mM IPTG and Ap. Cell pellets were washed in ' 0. 8% 
saline ( 1 ml) and were resuspended in phosphate buffer ( 0. 1 M 
K2HP0 4 , pH 7.0, 0.5 ml). Several dilutions of the washed cells 
(250 ~1) were assayed with an equal volume of Z buffer (Appendix 
B). Cells were permeabilized with 0.1% (w/v) sodium dodecyl 
sulfate (SDS, 50 ~1) and chloroform (50 ~1) The mixture was 
incubated at 28 ·c for 5 min before initiating the reaction by 
adding the substrate o-nitrophenyl-~-D-galactopyranoside (ONPG; 
100 ~1 of 4 mg ml- 1 in phosphate buffer). Incubation at 28·c was 
continued until the appearance of a pale yellow colour 
(approximately 5-15 min ) . The reaction was stopped by the 
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addition of Na2co3 (14% w/v; 250 ~1 ) . Cell debris was removed by 
centrifugation for 2 min and the pale yellow supernatant was 
diluted with water before the absorbance was read. Two absorbance 
parameters were used, OD 420' for the amount of o-nitrophenol 
released, and OD550 , a measure of the influence of the cell 
debris on the OD 420 . A factor 1.75 x OD550 has been found to be 
close to the absorbance at OD 420 caused by cell debris. It was 
found that one more centrifugation step in the protoc~l reduced 
this factor to zero in most samples. The p-galactosidase activity 
was expressed in Miller units using the following formula 
(Miller, 1972) where the reaction time (t) is measured in min and 
the culture volume assayed (v) in ml: Miller units 
[OD 420 -1.75 x OD 550 x dilution factor ]/ t x v x OD 600 . 
4.2.4 RNA preparation 
1000 X 
Total RNA from E. coli and C. acetobutylicum P2 62 was prepared 
according to the method of Aiba et al. ( 1981) . Bacterial cells 
grown in 2xYT, CBM or TYG medium were harvested (approximately 
10-20 ml) at various growth stages by centrifugation and cell 
pellets were resuspended in 0.3 M sucrose, 0.01 M sodium acetate 
(pH 4.5) buffer (0.5 ml). An equal volume of lysis solution 
containing 0. 01 M sodium acetate (pH 4. 5), 2% (w/v) SDS was 
added. The mixture was heated in a 65·c water bath and an equal 
volume of hot phenol (unbuffered 65 • C) was added. The aqueous 
layer was recovered after centrifugation in a microfuge for 10 
min and was re-extracted once with hot phenol followed by 
phenol/chloroform (25: 24 ) . Nucleic acid was precipitated with 
isopropanol and was washed with 70% ethanol. Residual DNA 
I 
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contamination was removed by digestion with RNase-free DNase 
(Boehringer Mannheim GmbH, Germany) at 37"C for 30 min. Total RNA 
was dissolved in sterile water and was stored at -70"C. The 
concentration of the total RNA was measured at OD260 using the 
relationship: 1 OD260 = 40 ~g RNA ml-1. 
4.2.5 Probe and primer preparation 
DNA fragments containing the internal region of each of the 
fixE, Phbd and adhl genes, were isolated from the cloned plasmids 
pCAFIXB and pCADH100. The gel purified (Geneclean, Bio101, CA. 
USA) DNA fragments were labelled with [a-3 2P] dATP or dCTP by 
nick translation (Rigby et al., 1977) as described in Appendix C 
8.1. Specific activities of approximately 1x10 7 cpm per ~g DNA 
were routinely obtained. 
Three synthetic primers, specific for the three genes of 
interest, were 5' end-labelled with [ 32p] using polynucleotide 
kinase (Appendix C.8.2). The sequences of the individual primers 
were as follows: 
adhl primer: 5'-CCATAATAAATATCTCTTGGTA-3' 
Phbd primer: 5'-CAGCACCCATAGTTCCTGCTCCAA-3' 
fixE primer: 5'-TCGCCTTCTCTTTGTTCAGCAAAGACCCAA-3' 
4.2.6 Northern and RNA dot hybridization analysis 
Standard procedures with modifications were used (Maniatis, et 
al., 1982; Sambrook et al., 1989; Appendix C.10). RNA ladder 
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( 9. Skb-0. 24kb range) (GIBCO-BRL MD, USA) were used to estimate 
the size of mRNA transcripts. 
4.2.7 Primer extension reactions 
Procedures with respect to the primer extension reaction are 
described in Appendix C.11. 
4.3 Results 
4. 3 .1 Lacz fusions with DNA regions upstream of the :fixB, P.hbd 
and adhl genes 
To determine whether or not the upstream and intergenic regions 
of the fixE, Phbd and adhl genes have any promoter activity in E. 
coli, these putative promoter regions were independently fused 
in-frame to the lacz gene of the promoter-probe vector pMC1403 
(Fig. 4.1). E. coli transformants containing the fusion construct 
of each of these three genes all appeared blue on the X-Gal/Ap 
plates and red on the McConkey/Ap plates suggesting the presence 
of a promoter region. Each fusion construct was confirmed by 
sequencing the junction regions. The strongest promoter region 
was located immediately upstream of the Phbd gene on the basis of 
the the p-galactosidase activity measurement. (Fig. 4. 1) . This 
result indicated that the putative promoters of these three C. 
acetobutylicum gene were present and were utilized by the 
heterologous E. coli host. 
• 
• 
I 
{A) 
(B) LacZ activity 
(Miller unit) 
7.2 pFPL1 
36.5 pFPL2 
3.8 pFPL3 
0.0 pFPL4¢ 
0.0 pMC1403 
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p c v Xm V X HVB Xm s H p 8 
<----> 
fixB (1002-bp) 
'---------,> 
Bhbd{846-bp) 
..._________,> 
adh1(1164-bp) 
~: . . ~ ' ' = '~ -1 ',; 
Fiq. 4 .1. Restriction map of the C. acetobutylicum chromosomal 
fragment coding for the fixE, ~hbd and adhl genes. (A) The coding 
regions and the transcriptional directions are shown with open 
arrows. (B) . Transcriptional fusions to lacz in the promoter-
probe vector pMC1403 (pFPL plasmids) are indicated by solid 
rectangles corresponding to the map shown in panel A. The 
designations of the fusion plasmids are given on the left and 
their transcription orientations are shown with open arrows. ~-
Galactosidase activities of the vector and fusion constructs in 
E. coli YMClO are expressed in Miller units. B, Bglii; C, Clai; 
H, Hindiii; P, Psti; S, Seal; V, EcoRV; X, Xbai; Xm, Xmni. 
78 
4 . 3 . 2 Transcription of the fixB, 13hbd and adhl genes in C. 
acetobutylicum P262 
Since the lacz fusion studies indicated the presence of putative 
promoter regions 
genes, Northern 
isolated from C. 
upstream of each of the fixE, Bhbd and adhl 
blot analyses were carried out using mRNA 
acetobutylicum P262. Cell samples were taken 
from various stages of the ABE fermentation in CBM or TYG medium 
and total RNA was isolated. The mRNA was probed with internal 
fragments from the fixE (Psti-Clai fragment), Bhbd (Hindiii-Eglii 
fragment) and adhl (Hindiii-Psti fragment) 
Northern and RNA dot hybridization (Fig. 
reults showed that the three genes were 
genes respectively in 
4 . 2; Fig. 4 . 3) . The 
independently and 
constitutively transcribed, yielding mRNA transcripts of the same 
size (approximately 1. 4kb) during the various stages of the C. 
acetobutylicum P262 ABE fermentation. No large mRNA transcripts, 
suggesting an operon structure for the three genes, were 
detected. RNA isolated from E. coli transformed with plasmids 
containing each of the three genes also hybridized specifically 
to each probe and 1. 4kb mRNA transcript was observed (data not 
shown) . It is concluded that as the size of each of the three 
mRNA transcripts was only large enough to encode a single gene 
product that each of the fixE, Bhbd and adhl genes was 
independently transcribed in C. acetobutylicum P262. 
The fixE, Bhbd and adhl mRNA transcripts produced by 
C. acetobutylicum during the acidogenic (5-9 h), solventogenic 
(11-13 h) and sporulation stages (after 15 h) of the fermentation 
were quantified by RNA dot blots (Fig 4.3) mRNA from each of 
the fixE, Bhbd and adhl genes 
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Fig. 4.5 Comparison and alignment of the ~hbd and adhl promoters 
with other consensus promoter sequences. 
Promoter structure -35 region -10 region Ref.a 
Consensus E. coli ------------TTGACAT--T---------T-TG-TATAAT 1 
Consensus Gram-positive TA-AAAAA----TTGACA---A--A---A--T-TG-TATAAT 1 
bacteria 
Consensus clostridia -----T------TTGACA-----T-----AATATGATATAAT---T-- 2 
C. acetobutylicum P262 
glnA P 1 
glnA P 2 
glnA P3 
Phbd P 1 
Phbd Pz 
Phbd P 3 
a.dhl pl 
adhl P 2 
C. acetobutylicum DSM792 
TA-AAAAA----TTGATT------A-----------TATAAT 
T----AAA----TTCGAT ------------T----TATTGT 
-----A------TTCTTA------A------T-T--TTTAGT 
3 
------------TTAATA 
------------TTTAAT 
------------TAAAGT 
------------TATGAA 
------------T~~GAA 
[20-bp] 
[18-bp] 
[20-bp] 
[18-bp] 
[24-bp] 
TTTAAT this study 
TATTTT 
TATCTA 
TTTGAT this study 
TATATA 
adc ------------TTTACT---A--A---A-AT-TG-TATAAT 4 
0 1: Graves and Rabinowitz 
3: Janssen et al. (1988). 
4.4 Discussion 
(1986). 2: Young, Minton and Staudenbauer (1989a). 
4: Gerischer and Dlirre (1992). 
A number of genes from C. acetobutylicum have been cloned and 
expressed in E. coli (Zappe et al., 1986, 1987; Usdin et al., 
1986; Janssen et al., 1988; Cary et al., 1988; Wiesenborn et al., 
1989a; 1989b; G~rischer and Durre, 1990; 1992; Petersen and 
Bennett, 1990a; 1990b). These reports have suggested that 
putative E. coli-like promoters and ribosome binding sites are 
present in the C. acetobutylicum genes. Nucleotide sequences of 
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the putative promoter regions have been identified in the glnA 
(Janssen et al., 1990), eglA (Zappe et al., 1988), xynE (Zappe et 
al., 1990) and adc (Gerischer and Dtirre, 1992) genes. In this 
study, the putative promoter motifs of the ~hbd and adhl genes 
from C. acetobutylicum P262 were identified. Transcription of 
these three gene indicated that the heterologous host E. coli 
recognized these Gram-positive promoters and that their 
translated proteins were functional in E. coli (Youngleson et 
al., 1988; 1989a). Regulation of the C. acetobutylicum P262 glnA 
gene promoters under the high and low nitrogen medium in E. coli 
and C. acetobutylicum has been reported (Janssen et al., 1988; 
1990). Although the A-T rich nucleotide sequence of C. 
acetobutylicum may cause spurious transcription initiation sites 
utilized by E. coli, only one promoter was used in the adc gene 
(Gerischer and Dtirre, 1992) and the fixE gene (this study) in 
both C. acetobutylicum and E. coli. The implication of three 
major and . one minor transcription initiation sites of the ~hbd 
and the adhl gene with two major and one minor transcription 
initiation sites in C. acetobutylicum P262 is not known at this 
stage. A second different oligonucleotide could be used in 
further primer extension experiments to more accurately assess 
the transcription initiation sites. 
Studies on the transcription of the linked fixE, ~hbd and adhl 
genes in both C. acetobutylicum and E. coli indicated that they 
were not part of an operon but were independently transcribed on 
1.4 kb mRNA transcripts. Furthermore, in C. acetobutylicum each 
of these genes was expressed throughout the growth cycle and 
similar amounts of mRNA from each gene were detected during the 
acidogenic, solventogenic and sporulation stages. The 
transcription of the ~hbd gene during the acidogenic and 
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solventogenic phases is to be expected since the central 
fermentation pathway is involved in the production of butyric 
acid and butanol (Jones and Woods, 1986a). However the 
transcription of the adhl gene which encodes a NADPH-dependent 
ADH with activity for butanol and ethanol (Youngleson et al., 
1989b) is interesting since it has been reported that this 
branched ethanol pathway enzyme is only induced and functional 
during the solventogenic stage (Dtirre et al., 1987; Hartmanis and 
Gatenbeck, 1984). 
In a recent report Bertram et al. (1990) isolated a C. 
acetobutylicum mutant which did not produce any acetone or 
butanol but produced low levels of ethanol throughout the growth 
cycle. Studies on the ADH responsible for ethanol production in 
this mutant indicated that it was a NADPH-dependent ADH. ·These 
authors suggested the adhl gene cloned by Youngelson et al. 
(198 9b) was the gene encoding the NADPH-dependent ADH which is 
present and functional during the acidogenic and solventogenic 
stages. Our present studies confirm the transcription of the 
adhl gene throughout the growth cycle of C. acetobutylicum and it 
is suggested that the adhl gene encodes the ADH which is 
responsible for the production of ethanol, observed by Bertram et 
al. ( 1990) during the acidogenic and sol ventogenic stages. In 
the industrial acetone-butanol-ethanol (ABE) fermentation by C. 
acetobutylicum the solvents are produced in the ratio 
acetone:butanol:ethanol = 3:6:1 and it was assumed that the low 
concentrations of ethanol were only produced along with acetone 
and butanol during the solventogenic phase. It appears from this 
study and the report of Bertram ei al. (1990) that low 
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concentrations of ethanol are produced throughout the ABE 
fermentation and that the triggers responsible for the induction 
of the acetone and butanol branched pathways at the pH breakpoint 
are not involved in the regulation of the branched ethanol 
producing pathway. 
A coordinate induction of the transcription of adc and ctf genes 
despite their convergent orientation on the chromosome has been 
reported (Gerischer and Dtirre, 1992) . The fixE, j3hbd and adhl 
genes of C. acetobutylicum 
orientation but they are 
P262 are arranged in the 
transcribed independently 
same 
and 
constitutively throughout the acidogenic, solventogenic and 
sporulation stages of the ABE fermentation in C. acetobutylicum 
P262. The results of transposon mediated mutagenesis with C. 
acetobutylicum suggest a different control mechanism for the 
production of acetone/butanol and ethanol (Bertram et al., 1990). 
A mutant deficient of acetone/butanol production had a similar 
NADPH-dependent ADH activity compared to t-he wild type while 
NADH-dependent ADH activity was totally absent in this mutant. 
The regulatory region controlling the production of acetone and 
butanol is thus regarded as different from that controlling 
ethanol production (Bertram et al., 1990). It is interesting that 
the adhl gene, encoding the NADPH-dependent alcohol 
dehydrogenase, has also been found to have no homology to the 
NADH-dependent butanol dehydrogenase (bdh) gene (Petersen et al., 
1991). 
In C. acetobutylicum several genes encoding proteins involved 
with metabolically related systems have been found to be linked 
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on the chromosome but it is still unclear whether these genes are 
independently regulated or are organized as an operon (Cary et 
al., 1988; 1990; Gerischer and Dlirre, 1990; Petersen et al., 
1991; Youngleson et al., 1989a). The fixE, (3hbd and adhl gene 
regions in C. acetobutylicum P262 is another example of closely 
linked genes which are independently and constitutively 
transcribed in this bacterium. 
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Chapter·S 
General conclusion and discussion 
C. acetobutylicum, a Gram-positive, endospore forming rod-shaped 
bacterium, has been used for many years in the industrial 
fermentation of carbohydrate to produce the neutral sol vents 
acetone, 'butanol and ethanol. Economic pressures have made this 
fermentation obsolete in the chemical industry. Advances in the 
molecular biotechnology have raised the possibility of the 
genetic manipulation of this bacterium for improved overall 
solvent production from cheaper agricultural carbohydrate sources 
(Jones and Woods, 1986a; 1989; Rogers, 1986) . 
The aim of this study was to investigate the molecular mechanisms 
for the onset of solventogenesis in the ABE fermentation. Two 
genes encoding enzymes involved in the ABE fermentation pathway, 
Phbd and adhl, have been cloned and characterized previously in 
this laboratory (Youngleson et al., 1988; 1989a; 1989b). 
Nucleotide sequence analysis has revealed that these two genes 
are linked together on the chromosome. An incomplete open reading 
frame was found immediately upstream of the Phbd gene within the 
same DNA fragment. Because the Phbd and adhl genes are involved 
in the acidogenic and sol ventogenic stages of the ABE 
fermentation pathway, a but operon consisting of these genes and 
possibly their regulatory regions was proposed previously by 
Youngleson (1989, Ph. D. thesis, University of Cape Town, South 
Africa) . 
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The switch from acidogenesis to solventogenesis has been the 
focus of previous studies investigating the morphological, (Jones 
et al., 1982) , physiological (Prescott and Dunn, 1959; Walton 
and Martin, 1979) and biochemical (Duong et al., 1983; Zeikus, 
1983) characteristics of C. acetobutylicum. The molecular 
mechanisms controlling this event is still to be elucidated. 
The approach used here was to "walk" along the chromosome in 
order to clone the DNA region upstream of the ~hbd gene. A C. 
acetobutylicum cosmid genomic library, with an average DNA insert 
size of 30-35kb, was constructed using the cosmid vector pWE15. 
Screening by colony hybridization and Southern hybridization 
analysis using the cloned ~hbd gene as a probe, yielded three 
cosmid clones harbouring the ~hbd upstream region. Complete 
nucleotide sequence of this upstream . ORF of the ~hbd gene was 
obt.ained. The deduced amino acid sequence of this ORF product 
revealed a high homology to the FixB proteins of R. meliloti, A. 
caulinodans and the electron transport flavoproteins from humans 
and rats. This suggested that this ORF gene encoded the FIXB 
protein with a putative role as an electron carrier like 
ferredoxin or flavodoxin proteins. The fixE gene has been shown 
to be independently and constitutively transcribed in C. 
acetobutylicum P262 during the different periods of the ABE 
fermentation. 
To study the transcription of the previously postulated but 
operon, a series of the lacZ-fusions were constructed with each 
gene to investigate the presence of promoters. Northern blot and 
primer extension analysis were used to characterize the mRNA 
90 
transcripts produced in C. acetobutylicum P262 and E. coli. 
Results obtained from these studies have clearly indicated that 
these linked fixE, ~hbd and adhl genes do not constitute an 
operon, but instead they are transcribed from their own 
promoters. The utilization of these promoters in E. coli 
supported the findings that many genes from Clostridium are 
expressed and their translated products are functional in the 
heterologous host E. coli. The constitutive transcription of 
these three genes in C. acetobutylicum P262 throughout various 
stages of the ABE fermentation suggested that the control of BHBD 
and ADH enzymes during the solventogenic phase might be regulated 
by other mechanisms after transcription. Three models of 
regulatory mechanisms for the fermentation pathways have been 
discussed by Rogers and Gottschalk (1991). 
Since the nucleotide sequence of the intergenic regions of many 
clostridial genes have been found to be A-T rich, many putative 
E. coli-like promoter consensus sequences can be found in these 
regions. However, a number of C. acetobutylicum genes such as the 
adc (Gerischer and Dtirre, 1992), fixE and ~hbd (this study) genes 
have been shown to have only one transcription initiation site 
utilized by E. coli. On the contrary, at least two major 
transcription start sites were identified for the ~hbd and adhl 
genes in C. acetobutylicum P262. Thus, putative promoter 
consensus sequences found in the intergenic region may not serve 
a physiological function in vivo. The homology of the putative 
clostridial promoters to the consensus sequences for vegetative 
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sigma factors in Gram-positive bacteria (eg. B. subtilis) and E. 
coli suggests that the transcription of genes in C. 
acetobutylicum is probably using a similar sigma factor. 
Because the acidogenic and solventogenic pathways genes are 
clearly inducible (for example, the adc and ctf genes), 
additional regulatory elements must be involved. These factors 
could be either repressor or activator proteins. Transposon-
mediated mutagenesis with C. acetobutylicum has suggested the 
existence of a central solvent producing regulator of an unknown 
nature (Bertram et al., 1990). In the case of the adc gene, a 
long A-T rich noncoding. sequence upstream of the gene provides an 
interaction space for the regulatory proteins. Similar situations 
could be applicable to the J3hbd and adhl genes. Alternatively, 
there could exist another but operon or other central pathway 
operons which are utilized under acidogenic conditions. Recent 
reports have strongly indicated that the NADPH-dependent alcohol 
dehydrogenase (probably adhl encoded) is in vivo responsible for 
ethanol formation, whereas the NADH-dependent alcohol 
dehydrogenase (bdh encoded) is involved in butanol production 
(Bertram et al., 1990). An independent regulation of ethanol and 
butanol production has been suggested in the C. acetobutylicum 
ABE fermentation (Bertram et a1.,1990). 
However, some uncertainties still remain. Mutants that were 
deficient in NADH-dependent ADH activity did not produce butanol 
while a low level of ethanol was produced have been isolated 
(Bertram et al., 1990). These mutants were found to lack 
butyraldehyde dehydrogenase, as a result, butyraldehyde was not 
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available for butanol formation whether or not the relevant ADH 
was present. Clark et al. (1989) isolated mutants (M3 and MS ) of 
C. acetobutylicum ATCC 824 which retained the NADH-ADH but did 
not produce butanol. These mutants were in fact defective in 
butyraldehyde dehydrogenase activity. The cloned adhl gene could 
be used to introduce mutations in the corresponding gene on the 
chromosome of C. acetobutylicum to elucidate the role of this 
enzyme in the solvent producing process. Research is currently 
underway in this laboratory to investigate different Tn916-
mediated solvent-deficient mutants of C. acetobutyiicum P262. 
Increased knowledge of the ABE fermentation pathway and its 
associated genes would eventually be useful for the strain 
improvement towards higher yields of solvent production. Modern 
recombinant DNA technology will serve this purpose once 'the 
fundamental information concerning the regulation of these genes 
is fully understood. DNA sequence analysis of these genes in 
conjunction with transcriptional studies and the isolation and 
characterization of the regulatory mutations by transposon 
mutagenesis will enhance our understanding of the regulatory 
regipns and their encoded proteins~ The development of techniques 
to re-introduce genes or their modified versions back into C. 
acetobutylicum has begun and this will lead to an understanding 
of the specific nucleotide sequences involved in particular 
physiological responses during the solvent induction stage. 
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Appendix A 
Bacterial Strains and Plasmids 
A. 1 Bacterial strains and plasmids used in this study. 
BACTERIAL STRAINS AND PLASMIDS 
Strains and plasmids Characteristics 
STRAINS 
Clostridium 
acetobutylicum P262 Wild type 
Escherichia coli 
HB101 
JM105 
K514 
LK111 
leuB6 trp38 metE70 
recA13 supE44 
thi rpsL endA sbcB15 
hspR4~(lac-proAB) 
thr-1 leu-6 thi-1 supE44 
lacY1 tonA21 rk-m+k(C600 
derivative) 
1aciqlacZ~M15 lacY+thi-1 
(LacY+ derivative of K514) 
Source or reference 
Jones et al., (1982) 
Boyer & Roulland 
Dussoix (1969) 
Yanisch-Perron et 
al., (1985) 
Zabeau & Stanley 
(1982) 
Zabeau & Stanley 
(1982) 
YMC10 ~1acU169 thi endA hsr hutcKc Backman et al. 
Pro+ (1981) 
I DH5aF 
F19 
PLASMIDS 
pWE15 
pBluescript-SK 
pUC18 pUC19 
M13mp18 
M13mp19 
pMC1403 
pECOR251 
SupE44 ~lacU169 (<j>801acZ~15) 
hsdR17 recA1 en~1 gyrA96 
thi-1 re1Al A.-F 
nitroreductase deficient 
(CC118 derivative) 
ApRcos (pCV107 derivative) 
ApR 
ApREcoRI 
Bethesda Research 
Laboratory (1986) 
Santangelo et al., 
(1991) 
Wahl et al., (1987) 
Stratagene, 
San Diego, USA. 
Norrander et ,al., 
(1983) 
Yanisch-Perron et 
al., (1985) 
Casadaban et al., 
(1983) 
Zabeau & Stanley 
(1982) 
pECOR252 
pCADH100 
pCAFIXB 
pSA30 
pACYC184 
pBR322 
pFPL1 
pFPL2 
pFPL3 
pECOR251 derivative (Psti 
in Ap mutated) 
ApRadh1+~hbd+(pECOR251 
derivative) 
ApRfixB+(pBluescript-SK 
derivative) 
TcR nifHDK 
(Klebsiella pneumoniaen) 
CmRTcR 
ApR c. acetobutylicum P262 
fixB::lacZ (pMC1403 
derivative) 
ApR c. acetobutylicum P262 
~hbd::lacz (pMC1403 
derivative) 
ApR c. acetobutylicum P262 
adhl::lacz (pMC1403 
derivative) 
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Janssen personal 
communication 
Youngleson et al., 
(1988) 
this study 
Riedel et al. (1979) 
Cannon et al. (1979) 
Chang and Cohen 
( 197 8) 
Bolivar et al., 
(1977) 
this study 
this study 
this study 
pFPL4 ApR C. acetobutylicum P262 this study 
fixB::lacZ (pMC1403 
derivative; pFPL1 with fixE 
reverse orientation) 
A. 2 Maintenance of bacterial strains. 
A. 2. 1 C. acetobutylicum P262. 
C. acetobutylicum P262, which was used as a source of chromosomal DNA 
for cosmid genebank and RNA for Northern blot analysis, primer 
extension studies, was maintained as a spore stock in distilled water 
at 4°C. Spore stocks were prepared as described by Long et al. (1983). 
A. 2. 2 E. coli stock cultures. 
Stock cultures of E. coli strains were maintained at -70°C. Cultures 
[typically 5 ml LB medium supplemented with the required 
antibiotic (s); Appendix B] were inoculated from overnight cultures 
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cultures (dilution factor 200 to 1000) or from isolated colonies 
on LB plates, and incubated with aeration at 37 OC to an cell 
density of approximately 6x10 8 . Sterile glycerol was added (15%, 
v/v final concentration), and aliquots (100!-ll) were stored at -
70°C. In parallel, soft agar (0. 7%, w/v) LB medium was used to 
store E. coli strains at room temperature. 
E. coli JM1 05 cells were streaked on M9 minimal medium agar 
plates (Miller, 1972) regularly to maintain the F' episome. 
A. 2. 3 Competent E. coli cells. 
E. coli competent cells, prepared as described in Appendix C, 
were stored at -70°C in 0.1 M cac1 2 containing 15% (v/v) 
glycerol. 
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Appendix B 
Media, Buffers and Solutions 
Media, buffers and solutions were sterilized by autoclaving at 
121 ·c for 20 min when required. Heat labile substances were 
sterilized by filtration through 0.22 ~m membrane filters 
(Millipore) . 
B.1. Media 
B.1.1 C~ostridium Basal Medium (CBM) (O'Brien and Morris, 1971). 
Glucose 
Casein hydrolysate 
Yeast extract 
Distilled water 
10 g 
4 g 
4 g 
972 ml 
The following constituents were added from stock solutions as 
indicated. 
MgS04 .7H20 
MnS04.4H20 
Feso4.7H20 p-Am1nobenzoic acid 
Biotin 
Thiamine-HCl 
NaHCO~ 
Cystelne-HCl 
Resazurin 
20%, w/v) 
1%, w/v) 
1%, w/v) 
( 0.1%, w/v) 
(0.0002%, w/v) 
( 0.1%, w/v) 
( 10%, w/v) 
( 5%, w/v) 
(0.25 mg ml- 1 ) 
1ml 
1ml 
1ml 
1ml 
1ml 
lml 
10ml 
10ml 
2ml 
The stock solutions were filter sterilized and stored at 4 ·c, 
except Feso4 which was stored at -20"C. Liquid CBM was prepared 
by autoclaving and stood for 15 h under stringent anaerobic 
conditions in an anaerobic glove box (Forma Scientific Inc., 
Marietta, Ohio, USA; atmosphere 70% N2 : 20% co2 : 10% H2 , v/v/v) 
before inoculation. 
For small volume (10 ml) cultures of C. acetobutylicum, hungate 
tubes were used for preparation. CBM solution was boiled for 15 
min to get rid of most of the o2 in the medium, dispersed into 
hungate tubes and perfused with H2 and co2 before sterilization 
by autoclaving. 
B.1.2.Clostridium Tryptone Yeast Extract Glucose 
Glucose 
Yeast extract 
Tryptone 
KH2P0 4 
MgS04 .7H20 
MnS04.4H20 
FeS0~.7H2 0 
p-Am1nobenzoic acid (PABA) 
Biotin 
Diammonium hydrogen phosphate (DAP) 
(20%, 
( 1%, 
( 1%, 
(0.1%, 
(0.0002%, 
(20%, 
w/v) 
w/v) 
w/v) 
w/v) 
w/v) 
w/v) 
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Medium(TYG) 
g 1-1 
60 g 
2 g 
6 g 
5 g 
1 ml 
1 ml 
1 ml 
1 ml 
1 ml 
10 ml 
The pH was adjusted with 10% (w/v) Naco3 (approximately 10 ml)) 
and 5% Cysteine-HCl (approximately 2 ml) to pH 6.2 
B 1.3. M9 Min~al Medium (Miller et al., 1972) 
lOx M9 salts 
Na2HP0 4 
KH2P0 4 
NH4Cl 
NaCl 
Ditilled water 
Autoclaved and stored at 4°C. 
60 g 
30 g 
10 g 
5 g 
to 1 litre 
For plates, the following components were autoclaved separately 
and cooled (50°C) before mixing: 
( 1) 15 g bactoagar in 900 ml H2o (2) lOOml lOx M9 salts 
(3) 1 ml 1 M MgS04 
(4) 1 ml 0.1 M CaC1 2 ( 5) 1 ml 1 M thiamine-HCl 
( 6) 10 ml 20% (w/v) glucose 
B.1.4. YT Medium (2x) 
Bactotryptone 
Yeast extract 
NaCl 
Distilled water 
16 g 
10 g 
5 g 
to 1 litre 
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for blue and white selection of pUC plasmids and their 
derivatives (eg. pBluescript-SK or -KS ) , IPTG (100 mM) 0.1 ml 
and X-Gal (2%) 0. 8 ml were added to 250 ml warm agar (50.C) 
before pouring the plates. 
B.l.S. Luria-Bertani Medium (LB) 
Bactotryptone 
Yeast extract 
NaCl 
Distilled water 
10 g 
5 g 
10 g 
to 1 litre 
for plates, agar 15 g 1-1 was added. 
B.1.6. McConkey Agar Medium 
This medium was prepared according to the supplier's (Difco) 
specifications. Lactose was added to a final concentration of 1 % 
after sterilization. 
B.1.7.Terrific Broth (TB) 
Bactotryptone 
Yeast extract 
Glycerol 
Distilled water 
12 g 
24 g 
4 ml 
900 ml 
Autoclaved and allowed to cool at 6o·c or less. 
Add 100ml of a sterile salt solution of 0.17 M KH2Po4 , 
0.72 M K2HP0 4 which is prepared as the following: 
KHP0 4 
KzHP0 4 D1stilled water 
2.31 g 
12.54 g 
90 ml 
Autoclaved at 121·c, 20 min. 
B.1.8. H Plates 
Bactotryptone 
NaCl 
Agar 
Distilled water 
B.1.9. H Top Agar 
Bactotryptone 
NaCl 
Agar 
Distilled water 
B.2. Media Additives 
10 g 
8 g 
. 12 g 
to 1 litre 
10 g 
8 g 
8 g 
to 1 litre 
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Media were cooled to 5o·c before adding additives. Plates 
containing these additives were stored at 4 ·c for no more than 
one week. 
B.2.1. Antibiotics 
Stock antibiotic solutions are the following: 
Ampicillin 
Chloramphenicol 
Tetracycline 
Kanamycin 
100 
20 
15 
25 
mg 
mg 
mg 
mg 
ml- 1 
ml- 1 
ml- 1 
ml- 1 
H20 
ethanol 
ethanol 
H20 
(96%) 
All antibiotics were filter sterilized and stored at -2o·c, 
except for tetracycline which was made fresch. 
B.2 .2. IPTG (Isopropyl-f3-D-thio-galactopyranos.ide ) 
IPTG (100 mM ) 
Distilled water 
23.8 mg 
1 ml 
Stored at -7o·c in small aliquots 
B.2.3. X-Gal (5-Bromo-4-Chloro-3-Indolyl-f3-Galactopyranoside) 
X-Gal (2%) 
Dimethyl formamide 
0.2 g 
10 ml 
Stored at -7o·c in small aliquots. 
B.3. Buffers and Solutions 
B.3.1. Universal restriction enzyme buffer (lOX). 
(M. Zabeau, Plant Genetic Systems,· Ghent, Belgium 
Stock solutions final 
Tris-HCl pH 7.9 1 M 
MgCl2 1 M 
M 
100 
cone. 
0.1 M 
0.1 M 
10 mM DTT 0.5 
BSA 10 mg ml-l 1 mg ml- 1 
Glycerol 44% (w/v) 
NaCl 5 M 0, 50' 100, or 150 mM 
The buffers (10 ml) were made using the following table and 
stored at -2o·c. 
Salt cone. 
Stock solution 0 50 100 150 
Tris-HCl, 1 M pH 7.9 1 ml 1 ml 1 ml 1 ml 
MgCl2, 1 M 1 ml 1 ml 1 ml 1 ml 
DTT, 0.5 M 0.2 ml 0.2 ml 0.2 ml 0.2 ml 
BSA 10 mg ml-l 1 ml 1 ml 1 ml 1 ml 
Glycerol 4.4 ml 4.4 ml 4.4 ml 4.4 ml 
NaCl 5 M 1 ml 2 ml 87.7 mg 
Sterile water 2.4 ml 1.4 ml 0.4 ml 2.4 ml 
B.3.2. Universal restriction enzyme dilution buffer 
(M. Zabeau, Plant Genetic Systems, Ghent, Belgium ) 
The buffer was made according to the following table and stored 
at -2o·c. 
Stock solution per 10 ml final cone. 
Tris-HCl 1 MpH 7.5 0.1 ml 10 mM 
NaCl 5 M 0.1 ml 50 mM 
~-mercaptoethanol 14 M 7 Jll 10 mM 
Gelatin 10 mg ml-l 0.1 ml 100 Jlg ml-l 
Glycerol 4.4 ml 44%(v/v) 
Sterile water 5.3 ml 
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B.3.3. Smai restriction endonuclease buffer (lOX). 
The buffer was made according to the following table and stored 
Stock solution per 10 ml final cone. 
Tris-HCl 1 M pH 8.0 1 ml 100 mM 
KCl 1 M 2 ml 200 mM 
MgCl2 1 M 1 ml 100 mM 
~-mercaptoethanol 14 M 43 Jll 60 mM 
Glycerol 4.4 ml 44%(v/v) 
Sterile water 1.6 ml 
B.3.4 DNA polymerase I reaction buffer (lOx) 
The buffer was made according to the following table and stored 
at -20°C. DNA polymerase I enzyme can be diluted in 50 mM 
potassium phosphate buffer pH 7.2 containing 44%(v/v) glycerol. 
Stock solution per 10 ml final cone. 
Tris-HCl 1 M pH 7.6 1 ml 100 mM 
MgCl2 1 M 1 ml 60 mM 
NaCl 5 M 1 ml 0.5 M 
~-mercaptoethanol 14 M 50 Jll 70 JlM 
Sterile water 6.95 ml 
B.3.5. Ba~31 nuclease dilution buffer 
The buffer was made according to the following table and stored 
Stock solution per 10ml final cone. 
Tris-HCl 1 M pH 8.0 0.2 ml 20 mM 
CaC12 1 M 50 Jll 5 mM 
MgCl2 1 M 50 Jll 5 mM 
EDTA 0.5 M pH 8. 0 20 Jll 1 mM 
NaCl 5 M 0.2 ml 100 mM 
Glycerol 4.4 ml 44%(v/v) 
Sterile water 5.1 ml 
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B.3.6. Bal31 nuclease reaction buffer (Sx) 
The buffer was made according to the following table and stored 
at 4·c. 
Stock solution per 10 ml final cone. 
Tris-HCl 1 M pH 8.0 1 ml 100 mM 
CaC1 2 1 M 0.6 ml 60 mM 
MgCl2 1 M 0.6 ml 60 mM 
EDTA 0.5 M pH 8.0 0.1 ml 5 mM 
NaCl 5 M 6 ml 3 M 
Sterile water 1.7 ml 
B.3.7. Exonuclease III shortening solutions (Henikoff, 1987) 
Exo-III buffer 
Tris-HCl 1 M pH 8.0 660 Jll 
MgCl~ 0.1 M 66.4 Jll 
Ster1le water 9.27 ml 
Klenow mixture 
Tris-HCl 1 M pH 8.0 3 Jll 
MgCl~ 1 M 6 Jll 
Dist1lled water 20 Jll 
One Jll of Klenow enzyme (5 u Jll - 1 ) was added 
prior to use. 
Ligase mixture 
Ligation buffer (1£x) 
T4 ligase (1 u Jll- ) 
Sterile water 
Sl nuclease buffer (lOx) 
K-acetate 
NaCl 
Glycerol 
ZnS0 4 
Sl mixture 
S1 buffer (lOx) 
S1 nuclease (40 
Sterile water 
Sl stop 
3 M pH4.6 
5 M 
u Jll - 1 ) 
Tris base (no HCl) 
EDTA 
144 Jll 
24 Jll 
128.2 Jll 
1.1 ml 
5 ml 
5 ml 
30 mg 
41 Jll 
1.5 Jll 
259 Jll 
0.3 M 
0.05 M 
per jlg of DNA just 
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B.3.8. T4 ligase reaction buffer (Sx). 
The buffer was made according to the following table and stored 
in aliquots at -70°C. 
Stock solution per ml final cone. 
Tris-HCl 1 M pH 7.6 250 ~1 250 mM 
MgCl2 1 M 50 ~1 50 mM 
ATP 0.1 M 50 ~1 5 mM 
DTT 0.5 M 50 ~1 25 mM 
Sterile water 600 ~1 
B.3. 9. Mung Bean nuclease dilution buffer. 
The buffer was made according to the following table and stored 
in aliquots at -20°C. 
Stock solution 
Na-acetate 
Zn-acetate 
Cysteine 
Trition X-100 
Glycerol 
Sterile water 
1 MpH 4.6 
10 mM 
50 mM 
0.1% (v/v) 
per ml 
100 ~1 
10 ~1 
20 ~1 
100 ~1 
440 ~1 
330 ~1 
final cone. 
10 mM 
0.1 mM 
1 mM 
0.001% (v/v) 
44% (v/v) 
B.3.10. Mung Bean nuclease reaction buffer (Sx) 
The buffer was made according to the .following table and stored 
at -20°C. 
Stock solution per.ml final cone. 
Na-acetate 1 M pH 4.6 300 ~1 300 mM 
NaCl 5 M 100 ~1 500 mM 
ZnC1 2 0.1 M 100 ~1 10 mM Glycerol 440 ~1 44% (v/v) 
Sterile water 60 ~1 
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B.3.11. Calf Intestinal ~kaline Phosphatase (CIP) buffer (lOx) 
The buffer was made according to the following table and stored 
in aliquots at -20"C. 
Stock solution per ml final cone. 
Tris-HCl 1 M pH 9. 0 500 !J.l 500 mM 
MgCl2 1 M 10 !J.l 10 mM 
ZnC1 2 0.1 M 10 !J.l 1 mM Spermidine 0.1 M 100 !J.l 10 mM 
Sterile water 380 !J.l 
B.3.12. T4 polynucleotide kinase reaction buffer (Sx) . 
The buffer was made according to the following table and stored 
at -20 ·c. When this buffer is used in exchange reactions, K-
phosphate (pH 8.0 ) has to be included at a final concentration 
of 0.08 mM. 
Stock solution 
Tris-HCl 
MgCl2 
DTT 
EDTA 
Sterile water 
1 M pH 8.0 
1 M 
0.5 M 
10 mM pH 8.0 
per ml final cone. 
660 !J.l 660 mM 
80 !J.l 80 mM 
160 !J.l 80 mM 
10 !J.l 0.1 mM 
90 !J.l 
B.3.13. Reverse transcriptase reaction buffer (2.5x). 
The buffer was made according to the following table and stored 
at -20"C in an RNAse free Eppendorf. 
Stock solution per ml final cone. 
Tris-HCl 1 M pH 8. 0 125 !J.l 50 mM 
MgCl2 1 M 15 !J.l 10 mM 
dNTP 25 mM 50 !J.l 0.5 mM 
Actinomycin-D 5 mg ml- 1 25 !J.l 50 !J.g ml- 1 
Sterile water 735 !J.l 
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B.3.14. Mutagenesis fill-in reaction buffer (lOx). 
The buffer was made according to the following table and stored 
Stock solution per ml final cone. 
Tris-HCl 1 M pH 7.5 275 J.ll 275 rnM 
KCl 1.5 M 417 J.ll 625 mM 
MgCl2 1 M 150 J.ll 150 mM 
DTT 0.5 M 40 J.ll 20 mM 
ATP 0.1 M 5 J.ll 0.5 mM 
dNTP 25 mM 10 J.ll 0.25 mM 
B.3.15. Nick translation buffer (lOx) . 
The buffer was made according to the following table and stored 
Stock solution 
Tris-HCl 1M pH 7.8 
MgCl2 1 M 
~-mercaptoethanol 14 M 
BSA 10 mg ml- 1 
Sterile water 
per 5 ml 
2.5 ml 
250 J.ll 
3.6 J.ll 
250 J.ll 
2 ml 
final cone. 
500 mM 
50 mM 
10 mM 
500 J.lg ml- 1 
B.3.16. Buffers and solutions for general DNA manipulations. 
ATP (lOx) 
Adenosine 5'-triphosphate 
Sterile water 
30 mg 
5 ml 
This solution was adjusted to pH 7.0 with o.1 N NaOH and stored 
in 100 J.ll aliquots at -7o·c. 
' 
OTT (1M ) 
Dithiothreitol 
Na-acetate 10 mM pH 5.2 
3.1 g 
20 ml 
This solution was filtered and stored in aliquots at -2o·c. 
EDTA (0.5 MpH 8.0 ) 
EDTA 
Distilled water 
168.1 g 
to 1 litre 
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The EDTA did not dissolve until the pH was raised to 8. 0 with 
approximately 20 g of solid NaOH. This was autoclaved and stored 
at room temperature. 
Ethidium bromide solution 
2, 7-diamino-10-ethyl-9-phenyl-phenanthridinum bromide 0.1 g was 
dissolved in 10 ml distilled water and stored in a dark bottle. 
Isopropanol (salt saturated ) 
Isopropanol was saturated with aqueous 5 M NaCl, 10 mM Tris-HCl 
and 1 mM EDTA pH 8.0 at a ratio of 2:1. The precipitated NaCl was 
allowed to settle out of solution and the upper solvent phase was 
used. 
RNAase A (DNAase-free ) 
k f 0 ( ) 10 ml- 1 0 A stoc o pancreat1c RNAase RNAase A at mg 1n 10 mM 
Tris-HCl pH 7.5, 15 mM NaCl was heated to 100°C for 15 min. The 
solution was cooled slowly to room temperature before being 
aliquotted for storage at -20°C. 
Tris-EDTA buffer (TE, 100x) 
Stock solution 
Tris-HCl 
EDTA 0.5 M pH 8.0 
Distilled water 
per litre 
121 g 
200 ml 
to 1 litre 
final cone. 
1 M 
100 mM 
Lysozyme buffer 
Stock solution per 200 
Tris-HCl 1 M pH 8. 0 6 
EDTA 0.5 M pH 8. 0 20 
NaCl 5 M 2 
Sucrose 60% (w/v) 83 
Sterile water 89 
B.3.17. DNA sample loading solutions 
For agarose gels: 
Sucrose 
Bromophenol blue 
EDTA 
ml 
ml 
ml 
ml 
ml 
ml 
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final cone. 
30 mM 
50 mM 
50 mM 
25%(w/v) 
8%, w/v 
0.04%, w/v 
10 mM 
RNAase A at a final concentration of 20 jlg ml - 1 was added when 
required, e.g. for the degradation of RNA in the small-scale 
plasmid DNA preparation. 
For acrylamide gels: 
Formamide 
Bromophenol blue 
Xylene cyanol 
99%, v/v 
0.01%, w/v 
0.01%, w/v 
The stop tracking dye, supplied in the Sequenase kit was also 
frequently used. 
B.3.18.Plasmid preparation solutions (Alkaline Lysis method) 
Solution I (lOx) 
Component Amount Final cone. 
Glucose 9.01 g 500 mM 
Tris-base 3.03 g 250 mM 
EDTA-Na2 3.72 g 100 mM 
Distilled water to 100 ml 
Adjust to pH 8. 0 with HCl and autoclave. Dilute with sterile 
water before use. 
Solution II 
Component 
NaOH 10 N stock 
SDS 10% w/v stock 
Distilled water 
Solution III 
Component 
K-acetate 
Acetic acid (glacial) 
Distilled water 
Amount 
0.5 ml 
2.5 ml 
22.0 ml 
Amount 
147.0 g 
pH to 4.8 
to 500 ml 
Final cone. 
0.2 N 
1. 0 % 
Final cone. 
3 M 
5 M 
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The potassium acetate was dissolved in water as little as 
possible, and the pH was adjusted to pH 4.8 with glacial acetic 
acid before bring to the volume up to 500 ml. 
B.3.19. Phenol (buffer saturated) 
Phenol (250 g, Merck) was melted at 45"C and the following was 
added: 
a-hydroxyquinoline 
Tris-HCl 1 M, pH 8.0 
Distilled water 
0.3 g 
32 ml 
62.5 ml 
Aliquots (10 ml, or 1 ml) were frozen at -20"C. 
B.3.20. Tris-acetate buffer (SOx). 
Tris base 
Acetic acid 
EDTA (0.5 M, pH 8.0 
Distilled water 
242 g 
57.1 ml 
100 ml 
to 1 litre 
B.3.21. Tris -borate buffer (lOx). 
Tris base 
Boric acid 
EDTA (0.5 M, pH 8.0 ) 
Distilled water 
108 g 
55 g 
40 ml 
to 1 litre 
109 
B.3.22. z buffer. (Miller et al., 1972) 
The buffer was made according to the following table and adjusted 
to pH 7.0. Stored at 4•c. 
Stock solution per 1 litre final cone. 
Na2HP04 .7H20 1 M 60 ml 60 mM NaH2Po4 .H20 1 M 40 ml 40 rnM 
KCl 1 M 10 ml 10 rnM 
MgS04.7H20 0.1 M 10 ml 1 mM 
~-mercaptoethanol 14 M 3.6 ml 50 rnM 
Distilled water 876 ml 
B.3.23. Northern blotting buffers and reagents. 
MOPS (3-[N-morpholino] propanesulfonic acid) buffer (lOx). 
MOPS 
Na-acetate 3 MpH 5.2 
EDTA 0.5 MpH 8.0 
Distilled water 
41.8 g 
16.6 ml 
20.0 ml 
to 1 litre 
MOPS was predissolved in 800 ml H2o and the intermediate pH was 
adjusted to pH 7.0 with 5 N NaOH before sodium acetate and EDTA 
were added. 
RNA sample loading solution 
Formamide 0.75 ml 
MOPS lOx 0.15 ml 
Formaldehyde (37%) 0.24 ml 
Glycerol 0.10 ml 
Bromophenol blue 10% (w/v) 0.08 ml 
Xylene cyanol 10% (w/v) 0.08 ml 
Sterile water 0.10 ml 
Salmon sperm DNA 
A 10 mg ml-l solution was made in TE buffer. The DNA solution was 
sonicated at full power (20 microns) for 10 min in a MSE Soniprep 
sonicator. The solution was aliquoted and stored at -2o·c. 
Immediately before use the DNA was denatured by boiling for 10 
min followed by cooling on ice. 
sse (20x) 
NaCl 
Na-citrate 
Distilled water 
3. 0 M 
0.3 M 
175.3 g 
88.2 g 
to 1 litre 
The solution was adjusted pH 7.0 with NaOH and autoclaved. 
SSPE (20x) 
NaCl 
NaH2P04.H20 EDTA 
Distilled water 
174 g 
27.6 g 
7.4 g 
to 1 litre 
The pH was adjusted to pH 7.4 with 5 N NaOH. 
Denhardt's solution (SOx) 
Fico!! 
Polyvinylpyrrolidone-40 (PVP-40) 
BSA 
Distilled water 
1 g 
1 g 
1 g 
100 ml 
This solution was stored in aliquots (10 ml) at -20°C. 
Prehybridization solution 
Stock solution per 100 ml 
SSPE 20x 25 ml 
Formamide 50 ml 
SDS 10% w/v 1 ml 
Denhardt's SOx 4 ml 
Salmon sperm DNA 10 mg ml- 1 1 ml 
Sterile water 19 ml 
B.3.24. Southern blotting buffers and reagents 
Hydrolysis solution 
Component 
HCl concentrated (12 M) 
Distilled water 
Denaturing solution 
Component 
NaOH 
NaCl 
Distilled water 
Amount 
26 ml 
to 1 litre 
Amount 
20 g 
87.6 g 
to 1 litre 
final cone. 
5x 
50% w/v 
0.1% w/v 
2x 
100 J..Lg ml- 1 
final cone. 
0.25 M 
final cone. 
0.5 M 
1.5M 
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Neutralization solution 
Component 
NH 4-acetate 
NaOH 
Distilled water 
5 M 
5 M 
Amount 
200 ml 
4 ml 
to 1 litre 
final cone. 
l.OM 
0.02 M 
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B.3.25. TSB transformation solution (Transformation-DMSO method) 
LB 150 ml 
pH adjusted to 6.1 with approximately 0.5 ml of 0.1 M HCl. 
PEG (polyethylene glycol) 4000 15 g 
Dispensed in 20 ml aliquots and autoclaved. DMSO (1 ml, 5% 
final), Mgso4 (1M, 1.5 ml; 10 mM final) and MgC1 2 (1M, 1.5 ml; 
10 mM final) were sterilely added. After transformation, glucose 
(0.5 M, 400J.1l; 10 mM final) was added into the solution above 
before using it to incubate the transformed cells at 37•c. 
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Appendix C 
General molecular cloning techniques 
C.1. DNA preparation 
C.1.1. Isolation of chromosomal DNA from C. acetobutylicum P262 
(Marmur, 1961; Lin and Blaschek, 1984; Zappe et al., 1986) 
A dilute spore stock (1:600; 500 ~1) solution was heat shocked at 
75°C for 2 min, cooled to room temperature, and chilled on ice 
for 5 min. An aliquot (5~1) was inoculated into CBM medium (10 
ml) in Hungate tubes, and incubated at 37°C for approximately 9 h 
in water bath in order to get oo 600 0.3. An aliquot (30 ml) of 
this log-phase culture was inoculated into CBM medium (1.2 1) 
prepared in a 2 1 Schott bottle. Incubation was continued with 
occasional swirling at 37oC under anaerobic conditions until 
oo 600 reached 0. 5-0.6. Cells were harvested by centrifugation 
with Beckman JA14 or Sorvall GSA rotor at 10K rpm for 20 min 
using 250 ml centrifuge bottles. Cell pellet were resuspended in 
CBM (40 ml) containing 10% (w/v) sucrose, 12.5 mM Cacl 2 , 12.5 mM 
MgC1 2 and lysozyme (5 mg ml- 1 ) anaerobically. During incubation 
at the development of protoplasts was monitored 
microscopically. Approximately 90% protoplasts were obtained in 
1-1.5 h incubation. SDS (2% w/v final concentration) and EDTA 
(0.05 M final concentration) were added to the remaining cultures 
aerobically and the lysed mixtures were extracted immediately 
with an equal volume of hot phenol (50oC, 0.1 M Tris-HCl pH 8.0 
equilibrated) . The layers were emulsified by gentle mixing for 10 
min. The phases were separated by centrifugation with Beckman 
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JA21 or Sorvall SS34 rotor at 15K rpm for 15 min at 4 oc. The 
organic layers were back-extracted with 0.5 volume of TE (10 mM 
Tris-HCl, 1 mM EDTA pH 8. 0 ) . The aqeous layers were combined 
together and extracted once with phenol/chloroform/isoamyl 
alcohol (25:24:1 v/v/v ) . The phases were separated by 
centrifugation with Beckman JA14 or Sorvall GSA rotor at 10K rpm 
for 10 min. The chromosomal DNA was precipitated by 0.1 volume of 
5 M NaCl04 and 0. 6 volume of propan-2-ol. Chromosomal DNA was 
spooled using an end-sealed pasteur pipette, washed with 70% 
ethanol and redissolved in TE buffer overnight at room 
temperature with gentle shaking. DNase-free RNase (100 ~g ml-1, 
final concentration ) was added and incubation at 37°C continued 
for 30 min. The DNA solution was extracted with 
phenol/chloroform/isoamyl alcohol again and then precipitated. 
The chromosomal DNA was finally resuspended in TE buffer and its 
concentration was determined by the absorbance at 260nm. One A260 
unit is equivalent to 50 ~g ml- 1 DNA. Aliquots of DNA solution 
were stored at 4°C. 
C.l.2. Plasmid preparation small scale (miniprep) 
Plasmids can be isolated from 1 ml overnight culture (2xYT or TB 
+Ap 50-100 ~g ml- 1 in 1.5 ml sterile microfuge tube at 37°C by 
alkaline lysis method (Birnboim and Doly, 1979; Ish-Horowicz and 
Burke, 1981). Cells were harvested by centrifugation in an 
Eppendorf microfuge for 1 min at room temperature. Pellets were 
resuspended in 200~1 alkaline lysis Solution I (50 mM glucose, 25 
mM Tris-HCl pH 8. 0, 10 mM EDTA ) . Cells were lysed by adding 
400~1 alkaline lysis Solution II (0. 2 M NaOH, 1% w/v SDS ) and 
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gently mixed by inverting the tubes several times. A clear and 
viscous lysed mixture was an indication of good lysis. A 300 ~1 
alkaline lysis Solution III (3 M NaOAc, pH 4. 8 was added and 
mixing by inversion continued. Cellular debris and denatured 
chromosomal DNA were removed by centrifugation for 5 min in 
microfuge at room temperature. The supernatant was decanted into 
a fresh tube. Plasmids were precipitated by addition of propan-2-
ol (500 ~1) and incubation in ice for 10 min. DNA pellets were 
recovered by centrifugation for 10 min at room temperature, 
washed with 70% ethanol, air dried and resuspended in TE buffer 
(50~1). 
C.l.3.Plasmid preparation large scale (Maxiprep) 
An optimal volume of cell cultures (depending on the copy number 
of the plasmids; minimum 50 ml for pUC, pBluescript and 500 ml 
for pECOR251 ) were grown overnight at 37 OC in the presence of 
appropriate antibiotics (Ap 100 ~g ml- 1 ). Cells were harvested by 
centrifugation with Beckman JA14 or Sorvall GSA rotor at 7k rpm 
for 5 min and then were resuspended in alkaline lysis Solution I 
(4 ml) . Solution II (8 ml) was added and were mixed by inversion 
to lyse the cells. Solution III ( 6 ml) was added to neutralize 
the mixture. After mixing by inversion several times, the cell 
debris ana denatured chromosomal DNA were removed by 
centrifugation with Beckman JA21 or Sorvall SS34 rotor at 15K rpm 
for 10 min. The supernatant was recovered and DNA precipitation 
was carried out by adding 0.6 volume of propan-2-ol and 
incubating in ice for 10 min. DNA pellets were recovered after 
centrifugation with Beckman JA14 or Sorvall GSA rotor at 10K rpm 
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for 10 min at 4•c and were washed with 70% ethanol, air dried and 
redissolved in TE buffer (2 ml). 2.3 g CsCl was added into the 
DNA solution. After complete dissolution, EtBr (10 mg ml-1; 0.2 
ml was added and the refractive index of the solution was 
adjusted to 1.392. The mixture was clarified to remove residual 
protein debris by centrifugation with Beckman JA21 or Sorvall 
SS34 at 15K rpm for 5 min at 4•c. 2 ml of supernatant was sealed 
into the Beckman Quickseal Ultracentrifuge tubes. Centrifugation 
was carried on a Beckman TLV100 rotor at 95 K rpm for 4 h at 15•c 
in Beckman tabletop ultracentrifuge. The plasmid DNA band was 
visualized by long wave UV light (350 nm) and was removed in 
smallest volume possible using 1 ml syringe fitted with 19 gauge 
needle. The EtBr was removed by repeated extraction three times 
with equal volume of NaCl-saturated Propan-2-ol (Appendix. B). 
The resultant DNA solution was diluted with H2o (to 1 ml) and 
Propan-2-ol (0.6 ml) was added. DNA precipitation was continued 
in ice for 10 min or -20 ·c overnight before centrifugation at 
room temperature for 10 min in microfuge. The pellet was 
recovered, rinsed with 70% ethanol, air dried and redissolved in 
TE buffer (200 ~1) . Diluted aliquots were scanned between UV 220 
nm and 310 nm for DNA quality and concentration determination. 
One A260 unit equivalent to 50~g ml- 1 double stranded DNA was 
used to calculated the DNA concentration. 
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c 1.4. Plasmid preparation Rapid miniprep for sizing 
exonuclease III shortened recombinant plasmids 
.. 
This modified miniprep method enables the processir;.g of many 
exonuclease III shortened recombinant plasmids (as many as 60 
samples ) in a single agarose gel within 3 h. Best results were 
obtained for high copy number plasmid vectors such as pUC or 
pBluescript. Cells were inoculated from a single colony into 2xYT 
medium (200 ~l) with Ap (100 ~g ml- 1 ) in a 1.5 ml sterile 
Eppendorf tube and incubated at 37 ·c overnight with or without 
shaking. Cells were dispersed by vortexing 5 sec. Solution II 
(150 ~l) was added to lyse the cells. Tubes were inverted several 
times for good mixing. Lysed mixture aliquots (20 ~l) were mixed 
with DNA loading buffer (30 ~l) (Appendix B and were loaded 
onto a 0.7% agarose gel which was prepared in 1xTBE buffer 
without EtBr. Electrophoresis was carried out at 120 Volts for 1-
2 h in 1xTBE buffer. The gel was then stained in 5 ~g ml- 1 EtBr 
solution for 15-20 min, rinsed with water and photographed using 
a Polariod CU-5 land camera fitted with a red filter and a fixed 
focal lengh attachment at f 4.7, 1-2 sec under UV-302 nm 
illumination. It is better to have a vector and/or a parental 
plasmid as internal markers to identify shortened clones of 
specific sizes. The remaining lysed mixture can be treated 
further by standard alkaline lysis miniprep procedures for 
restriction enzyme digest analysis once the targeted shortened 
clones have been found. 
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C.2. Restriction endonuclease digestion analysis 
Restriction enzyme digestions were performed by using appropriate 
restriction enzyme buffer (Appendix B) according to the ·salt 
requirements of the enzyme (Appendix D ) . A typical digest 
contained 0. 3-0.5 ~g DNA in 20 ~1 with 1-2 units restriction 
enzyme at 37 ·c for 1 h (for most restriction enzymes ) . An 
universal restriction enzyme dilution buffer (Appendix B) was 
used to dilute the concentrated enzyme stocks to the required 
concentration. The digestions were terminated either by the 
addition of 5 ~1 DNA loading solution (Appendix B ) for agarose 
gel electrophoresis or by glass-milk clean-up (Geneclean kit, BIO 
101 CA. USA) procedures for following-up experiments. To polish 
the ends of restricted DNA fragments, a typical 0.5 ~g DNA was 
filled-in by 0. 5 U Klenow fragment of E. coli DNA polymerase I 
using 0.25 mM of each dNTP in 25 ~1 reaction volume at 37"C for 
10 min. 
C.3. Agarose gel electrophoresis 
Horizontal submerged agarose gel electrophoresis was routinely 
carried out in 1xTAE buffer system. EtBr (0.5~g ml- 1 final 
concentration was included or absent in the agarose gel 
depending on the purpose of the following-up experiments. Gels 
were run at 2 V/cm for 16 h (overnight ) or at 100 V for the 
required resolution of DNA fragments. DNA bands were visualized 
under UV-254 nm transilluminator, or UV-310 nm for DNA recovery 
from the gel. A Polaroid CU-5 land camera fitted with a red 
filter and fixed focal length was used to photograph the gel. 
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Polaroid film type 667 (ASA3000) was used with an exposure time 
of 1-2 sec at f4.7. To obtain both positive and negative photos 
of the gel, a Polaroid film type 665 (ASA 64) with an exposure 
time of 120-140 sec at f4.7 was used. DNA molecular weight marker 
(eg. A Hindiii; A Psti, Appendix G) was used for DNA size 
estimation. 
C.4. DNA ligation reactions 
Two kinds of DNA ligation reaction were performed. A low DNA 
concentration (1 pmole ml- 1 or less ) was chosen to recircularize 
the shortened or deleted plasmids in order to isolate the 
deletion clones. A rather higher DNA concentration (5 pmole ml- 1 ) 
was used for recombination ligation reactions. To facilitate 
cloning efficiency, a molar ratio of insert to vector of 3:1 was 
followed. A total volume of 10-25 J..Ll containing DNA, ligation 
buffer (Appendix B and appropriate concentration of T4 ligase 
was carried out for ligation. Sticky-end ligations were performed 
at room temperature for 2-3 h or at 15°C overnight using 0.1-0.25 
U of ligase, whereas blunt-end ligations were carried out at room 
temperature for 3-20 h using 20-100 fold more ligase. The ligated 
mixture was analyzed in agarose mini-gel to monitor the success 
of ligation. 
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C.S.The rapid subcloning method 
The rapid subcloning described by Crouse et al. (1983) and Struhl 
(1985) was used. DNA fragments were separated through 1% low 
melting agarose (SeaplagueR ) gel in Tris-acetate buffer (50 mM, 
pH 8.2, no EDTA, no EtBr). Targeted DNA bands were recovered by 
razor excision in the smallest volume possible after brief EtBr 
staining and visualization under UV-310 nm. The gel slices were 
melted at 70"C for 5 min and equilibrated at 37"C. After 
combining the required amounts of vector (2 ~1) and insert (8 ~1) 
DNA, an equal volume of 2x ligation buffer containing T4 ligase 
was added and mixed quickly. The ligation was incubated at room 
temperature (19-21"C ) for 2-16 h. Prior to transformation, the 
gelled ligation mixture was melted at 70 ·c for 5 min, diluted 
with 10 volume of 0.1 M cac1 2 or 4 volume of TSB solution 
(Appendix B ) . Aliquot (up to 50 ~1) was used for transformation 
of competent cells (200 ~1) . 
C. 6 . The preparation and transformation of competent E. coli 
cells 
A cac1 2 method (Dagert and Ehrlich, 1979) or DMSO method (Chung 
and Miller, 1988) was used for preparing the E. coli competent 
cell. A 1:100 dilution of an overnight E. coli culture in LB 
medium. Incubation at 37"C with vigorous shaking continued until 
OD600 = 0.2-0.4 reached (approximate 2 h). Cells were harvested 
by centrifugation with Beckman JA21 or Sorvall SS34 at 5000 rpm 
at 4"C for 5 min and chilled on ice for later use. 
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C.6.1. cac12 method 
Cell pellets were resuspended in 0.1 volume of ice-cold sterile 
0.1 M Cac12 solution and were incubated on ice for 20 min. After 
a gentle centrifugation with Beckman JA21 or Sorvall SS34 at 5000 
rpm for 5 min at 4oC, recovered cells were gently resuspended in 
0.1 volume of ice-cold sterile 0.1 M cac1 2 solution. The 
competent cells can be used for transformation after 1 h 
incubation on ice or overnight at 4 oc for higher competency. A 
frozen competent cell stock can be made by adding sterile 
glycerol to a final concentration 15% (w/v) and stored at -70°C. 
Plasmid DNA (1-5 ng) or an aliquot of a ligation reaction (20-100 
ng DNA in a volume of no . more than 5% of volume of the 
competent cells was added to the competent cells on ice. After 
10-30 min incubation on ice, cells were heat-shocked for DNA 
uptake induction at either 37oC, 5 min, or 42oC for 2 min. 1 ml 
of LB medium was added and the transformation mixture was left at 
37 ° C to allow the expression of the plasmid-borne antibiotic 
resistance (Ap:15 min; Cm:30 min; Kn:30 min; Tc:45 min ) . 
Controls of (1) no DNA (2) vector only (3) linearized vector DNA 
and (4) religated vector plasmid were routinely included in the 
transformation reaction as controls. An aliquot (100 ~1) of 
transformed cell culture was spread onto the screening plates 
(LB/Ap or X-Gal/Ap plates ) . The plates were inverted and 
incubated at 37oC overnight for growth of transformants. 
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C.6.2. DMSO method 
Cell pellets were resuspended in 0.1 volume of ice-cold TSB 
buffer (Appendix B) and held on ice for 10 min. Transformation 
was carried out essentially as the cac1 2 method except 0.9 ml TSB 
solution containing 20 mM glucose was used instead of LB medium · 
and the heat shock step. Competent cells frozen stocks can be 
prepared in the same way as the Cacl 2 method and stored at -70"C. 
C.7. DNA sequencing 
DNA sequencing was done by the dideoxy chain termination method 
of Sanger et al. ( 1977) according to the protocol of Tabor and 
Richardson (1987) with modfications (Winship, 1989). Enzyme 
(Sequenase 2.0 ) and reagents in Sequencing kit supplied by USB 
corporation (USA) were used routinely. [a;-35s] dATP was used to 
radiolabel the DNA chain. Some modifications of the standard 
sequencing protocol were described below and followed 
successfully to obtain sequence data. 
A simplified version was found to provide good DNA template for 
sequencing double stranded DNA. The dsDNA (5-10 J..1g in 5 J..1l TE 
buffer pHS. 0) was alkaline denatured using 1 N NaOH (1 J..1l) at 
37"C for 10 min (alternatively for GC-rich DNA template, 40"C for 
30 min was used ) . After neutralization with 1 N HCl (1 J..1l) 
sequencing primer 1 J..1l; 10 ng J..1l- 1 ) and 5x Sequenase reaction 
buffer (2 J..1l; USB Sequencing kit ) were added. Incubation at 37"C 
for 5 min following by slow cooling to room temperature was 
carried out. The remaining steps were essentially followed as 
122 
described by Tabor and Richardson (1987). DMSO and 2.5x Extended 
Termination Mix (USB Sequencing kit) were included in the 
reagents for better sequencing reactions especially for GC- or 
AT-rich DNA templates. Sequencing conditions described above were 
confirmed to be successful for C. acetobutylicum DNA template 
using commercial M13 universal primer and specific homemade adhl, 
~hbd and fixE primers. The sequencing reactions were analyzed on 
6% acrylamide-8 M urea sequencing gels. Gels were run in 1xTBE 
buffer at 95 watt constant power to keep the gel warm (50°C ). 
After electrophoresis, the gels (0.2 mm thick) were transferred 
onto a sheet of Whatmann 3MM filter paper and dried directly at 
80oC for 25 min without further fixing and urea-washing as 
recommended by the standard p~otocol. A Dual Temperature Slab Gel 
Dryer (Model 1125B, Hoefer Scientific Instruments, San Francisco 
) was used for drying the gels. X-ray fims (AGFA Curix or KODAK 
XAR-5 ) were used for autoradiography. The autoradiographs were 
developed using Kodak GBX X-ray developer and fixer by automatic 
X-ray developing machine after 1-2 day exposure at room 
temperature. 
C.S. Radioactive labelling of DNA probes 
123 
C.S.l. Nick translation reaction 
DNA probes were labelled with [a-32p] dCTP or dATP to high 
specific activity by nick translation (Rigby et al., 1977). The 
specfic restriction DNA fragment (1-1.5 ~g ) was isolated either 
from standard agarose or low melting agarose gel electrophoresis 
as described in C. 5. The DNA-containing gel slices were used 
directly (low melting agarose) or purified by Geneclean kit (BIO 
101, CA. USA). DNA solution in 30 ~1 TE buffer, pH 8.0 was added 
with 10 ~1 lOx Nick translation buffer (Appendix B ) , 2 ~1 of 
each dNTP (2.5 mM stock ) except the radioactive nucleotides, 5 
~1 [a-32P]dCTP or dATP (3000 Ci/mmole; Amersham, UK), 1 ~1 DNase 
(0.1 ~g ml- 1 ) and 1 ~1 DNA polymerase! (1 unit/~1; Boehringer 
Mannheim GmbH, Germany). Alternatively, 10 ~1 of enzyme solution 
supplied by Amersham' s Nick Translation Kit was used for the 
reaction. The reaction mixture was incubated at 16 o C for 2-5 h 
before termination by adding 5 ~1 of 0.5 M EDTA. Non-incorporated 
free radionucleotides were removed from the probe by Elutip 
clean-up procedures described below. 
An Elutip column (C-18 column, Sigma ) was prepared by washing 
with 2 ml high salt Elutip buffer (1 M NaCl, 20 mM Tris"'"HCl, 
pH7.5, 1 mM EDTA ) followed by priming with 2 ml low salt Elutip 
buffer (0.2 M NaC1,20 mM Tris-HCl,pH 7.5, 1 mM EDTA). A 1 ml low 
salt Elutip buffer was added to the nick translation reaction 
mixture and was loaded to the Elutip-column. After washing the 
column with 2 ml low salt Elutip buffer, the bound radiolabelled 
DNA probes were eluted by 0.5 ml high salt Elutip buffer twice. 
The eluted probe solution can be ethanol precipitated or used 
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directly for hybridization after boiling for 5 min in the 
properly sealed microfuge tube. Radiolabelling efficiency can be 
monitored by counting the small aliquot ( 1 J.ll of samples by 
liquid scintillation counter. Radioactive probes can be stored in 
lead containers at -20"C for several weeks. 
C.8.2. 5'-end labelling reaction 
A radiolabelled oligonucleotide primer used in primer extension 
reactions was made by T4 polynucleotide kinase reaction. One J.lg 
oligonucleotide primer, 2 J.ll lOx T4 polynucleotide kinase buffer 
(Appendix B),3 J.ll [y- 32P]ATP (>5000 Ci/ mmole, 10 J.1Ci/J.11), 2 J.ll 
T4 polynucleotide kinase (5 units/J.ll, Boehringer Mannheim GmbH, 
Germany) were mixed in a total volume of 20 Jll and incubated at 
37"C for 1 h. The reaction was terminated by heat inactivation of 
the enzyme at 65"C for 10 min. The radiolabelled primer mixture 
was used directly for primer extension reactions without further 
purification. However, if necessary, nonincorporated 
radionucleotides can be removed by Elutip clean-up procedures 
described in C.8.1. 
C.9. Southern blotting of DNA 
The Southern blotting of DNA and follow-up hybridization were 
adapted from Southern (1975), Smith and Summers (1980) with 
modifications described below. 
DNA fragments separated by agarose gel electrophoresis were 
photographed as described in the section C.3. The gel was soaked 
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with 0.25 M Hel for 15 min ( for the size of DNA >10 kb ) to aid 
the transfer by acid depurination. After rinsing with distilled 
water, the DNA was alkaline denatured in 0.5 M NaOH, 1.5 M Nael 
for 20 min with gentle shaking at room temperature. The gel was 
again rinsed in distilled water followed by a 20 min soak in 1 M 
ammonium acetate, 0.02 M NaOH neutralization solution. At the end 
of neutralization incubation, a sheet of Hybond-N+ nylon membrane 
was soaked in the same neutralization solution for 1 min. The gel 
was then overlaid onto the Hybond-N+ membrane which was supported 
by a piece of wet Whatmann 3MM filter paper. After removal of all 
air bubbles between the gel and the membrane, DNA was vacuum 
transferred onto the Hybond-N+ membrane by using the Hoefer Slab 
Gel Dryer without heating. The vacuum transfer can be stopped 
when the thick agarose gel becomes flattened (approximately 1 h 
) . DNA was fixed onto the membrane by UV irradiation at 310 nm 
for 5 min. The membrane was sealed in plastic bag and was 
prehybridized with the prewarmed hybridization solution (6x sse, 
0.5% SDS, 5xDenhardt's solution and 100 ~g ml- 1 denatured 
,fragmented salmon sperm DNA at 68·e for 30 min with good 
agitation. The nick-translated radioactive DNA probe was 
denatured by boiling for 5 min before adding into the 
hybridization bag. A total count of 10 6 cpm ml- 1 radioactive DNA 
probe was used routinely. Hybridization was carried out at 6s·e 
overnight with good agitation. After hybridization, the membranes 
were washed twice with 2x sse, 0. 5% SDS at room temperature for 
15 min. A final wash was with 0 .1xsse, 0.1% SDS at different 
temperature was performed for different stringency required. The 
highest stringent wash was obtained by washing at 68 • e for 15 
126 
min. The membrane was then air-dried briefly, sealed in a plastic 
bag and radioautographed at -70oe for various exposure time. 
C.lO. Northern blotting of RNA 
RNA samples (up to 50 Jlg total RNA were denatured with equal 
volume of RNA sample loading solution (Appendix B) at 65oe for 10 
min. After chilling on ice for 1 min, lJll EtBr (400 Jlg ml-1) was 
added. Denatured RNA was separated in formaldehyde agarose gel 
(1.2% w/v ) at 45 V (3 V/cm) for 3-4 h in lx MOPS electrophoresis 
buffer (Appendix B) . The formaldehyde agarose gel was prepared as 
described below: 1.2 g RNase-free agarose (Sigma) was slowly 
melted with 90 ml Milli-Q RNase-free water in a microwave oven. 
10 ml of lOx MOPS electrophoresis buffer was added and mix well. 
The gel was poured into the mold immediately after adding 6 ml of 
37% formaldehyde under the chemical hood. The gel was allowed to 
set for at least 30 min at room temperature before use. 
After gel electrophoresis, photographs of the gel can be taken 
without further EtBr staining and destaining treatments. Before 
transfer, the gel was soaked in 0.05 N NaOH, lx SSe for 20 min at 
room temperature with gentle shaking. The gel was then rinsed 
with water and soaked in lOx sse for another 20 min before 
transferred by vacuum onto the Hybond-N+ nylon membrane which is 
presoaked in lOx SSe solution for 1 min (Appendix B) . RNA 
transferred onto the membrane were fixed under UV-310 nm 
illumination for 5 min. Prehybridization was carried out at 42oe 
for 30 min in 50% (w/v) formamide, 5x SSPE, 2x Denhardt's 
solution, 0.1% SDS and 100 Jlg ml-l denatured salmon sperm DNA 
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(Appendix B). A probe of radioactivity 106 cpm ml-1 was added and 
hybridization continued at 42oe overnight. The membrane was 
washed twice with 1x sse, 1% SDS for 20 min at room temperature 
after hybridization. A final wash in 0.1x sse, 0.1% SDS at 42oe 
for various time periods was performed to obtain the required 
stringency. Autoradiography was followed as described in Southern 
blotting of DNA (e.9.). 
C.ll. Primer extension of RNA 
A simplified version of the primer extension reaction used in 
this study has been developed from the standard procedures 
described by Sambrook et al. (1989). Total RNA preparations from 
C. acetobutylicum P262 and E. coli were made through hot and 
acidic phenol (50oe, pH 4.5 ) extraction as described by Aiba et 
al. ( 1981) . Synthetic oligonucleotide primers were 5 1 -end 
labelled with ·[3 2P] by T4 polynucleotide kinase (Appendix e.8.2). 
A total RNA sample (up to 50J.l.g was mixed with 100 ng [32P]-
labelled primer (2 J.l.l of the 20 J.l.l 5 1 end-labelling reaction 
mixture), 5x hybridization buffer (2 J.l.l of 1. 5 M Nael, 50 mM 
Tris-Hel pH 8. 0, 10 mM EDTA in a final volume of 10 J.l.l. The 
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mixture was heated at 85 ° e for 4 min before chilling on ice. 
After a brief spin to bring down the liquid, the mixture was 
incubated at 50 o e for 45 min to allow a hybridization between 
labelled primer and mRNA. The primer extension reaction was 
started by adding 10 J.l.l of 2. 5x Reverse Transcriptase reaction 
buffer (Appendix B), 2.5 J.l.l Reverse Transcriptase (20 unitsJ.l.l- 1 , 
Boehringer Mannheim M-MuLV Reverse Transcriptase) , 1 J.l.l RNasin 
(40 units J.l.l- 1 , Boehringer Mannheim GmbH, Germany) and RNase-free 
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water to a final volume of 25 ~1. Incubation at 50°C continued 
for another 30 min. After the extension reaction, the bulky 
amount of RNA were destroyed by DNase-free RNase (1 ~1; 10 mg/ml 
) at 37°C for 30 min. DNA sample loading solution (5 ~1; Appendix 
B.3.17) was added to stop the reaction and samples were heated at 
85°C for 3 min before being analyzed on a 6% polyacrylamide 
sequencing gel. A blank control of the same amount of 
radiolabelled primer without RNA was used together with a 
sequencing ladder made by the same primer for localization of the 
transcription start. X-ray autoradiography was followed as 
described (Appendix C.7.) after gel electrophoresis. 
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NaCl requirements for restriction enzymes 
+++, 30 100% activity compared to recommended conditions; 
++, 10 30% activity compared to recommended conditions; 
+, < 10% activity compared to recommended conditions; 
* conqitions not recommended due to star activity. The , 
recommended conditions for restriction enzymes are given by 
the manufacturers (from New England Biolabs Catalog, 
1986/87). 
Gmll 50 mil 
··-
150mM ..... 50 mil 
··- ··- ·-
.... , ..... 150 mil 
ENZYME lleCI lleCI NeCI lleCI EICZYME IUCI IUCI IUCI NeCI urn.- lloiCI NeCI IUCI IUCI 
.Ut II ...... EcoRI +++ +++ ....... Not I ... ++ ... 
Ace I + .... +++ EcoRV + +++ Nrvl + +++ 
Alloll FnuO II ++ + Nail ++ ++ ... 
Alu I Fnu4H I + ..... •+ P"R71 +++ +++ 
Apol Fok I + ..... + + .. Pmll ++ ........ + + + 
ApoLI Fsp I .... PpuMI +++ ..... 
A~• I Hoell .. + + Pstl +++ + + + 
Moll Hoe ill +++ ....... I'Yul ++ 
A~r II Hgol +. + + + I'Yull +++ • + + 
B•ll HgiAI ++ Rul +++ ~ .. ........ 
SomHI Hllol + 111111 +++ 
·-Son I ... Hlncll ...... S.CI ++• 
Son II Hind ill •++ S.CII ..... 
811~1 + ..... Hint I $1111 
Bell HinPI ....... Sllu3A I +++ 
Sgll Hpol ... $1111961 
Sglll Hpoll + .. + bl + +•• 
Ssml +- + Hplll + + ... SerF I ....... 
Ssp 1286 +. 
«pn I SfoNI 
SspMI ... llbol Smol 
SspMII llbo II ....... ..... ........ SnoB I +++ 
SssH II .. ·~ +++ 11/u I $pel 
SstE II .... lin/ I + + + ....... Spit I + 
·--SstNI + + + lisp 1 .... ·-- Slip I -·· SsiX I list II Stu I 
Clol Noel ...... $~1 
Ode I Nor I ... Toql +++ 
Opn I ...... Nci I ...... ... TUI1111 ......... 
Oro I Nco I .Do I 
Dr• Ill .... + +• Ndel + + JCtlo I ++ 
··-Eoel Nile I • + • ++ JCtlo II 
Eog I +++ N/olll Into I ..... 
EcoO 109 NloiV Xmn I + ..... 
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Appendix E 
Plasmid and bacteriophage vectors restriction maps 
pEcoR251 (3349 bp) is a derivative of the pCL series vectors 
(Zabeau and Stanley, 1982) and was a gift from M. Zabeau,· 
Biotechnology Business Development, Ghent, Belgium. This is a 
positive selection vector used by insertional inactivation of the 
EcoRI endonuclease gene at either the Bglii or Hindiii site. It 
is a low copy number plasmid. 
Drall < BtMI < P88l < EcoRI < 3348 
Ahall < Aatll 
Kap632J < Sspl 
Taqll 
Taqll 
3000 
Aap7001 
Ahall < HTncll 
Pat! 
Fapl 
Vspl 
2500 
8911 
Eco311 < Gaul < Cfr1 01 
pEcoR251 
3349 
Hcsell 
P.tl 
Bam I 
Aaull 
lth1111 
Xcal < Accl 
Ndel 
Kap8321 < Hoell 
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pBR322 (4361 bp; Bolivar et al., 1977) is a common E. coli 
cloning vector. This plasmid was constructed in vitro using the 
TcR gene from pSC101, the origin of DNA replication (ori) from 
the ColE1 derivative pMB1 and the ApR gene from transposon Tn3. 
It is a moderate copy number plasmid. 
3435 Ppsl 
EcoRI 4362 I 0 
C/al 24 
4285 Astll 
I I 
Hindlll 29 
/ EcoRV 189 
I Nhel 230 /BsmHI 375 
__...~~oo----1 / Bani 474 
2475 Af/111 
pBR322 
(4.36 kb) 
2296 Ndel \\ 
2245 Ace!. Snsl 
\ Xmnl 2034 
Pvull 2067 
2211 nh1111 
vaanl488 
Sphl 565 ~Ssll. Ace!. Hincll 650 
BspMI1063 
-ssml1353 
-sryl1369 
'Aval1424 
Ball 1445 
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pUC19 (2686 bp; Yanisch-Perron et al., 1985) is a small, high 
copy number E. coli cloning vector. The pUC series of plasmids 
were constructed using portions of pBR322 and M13mp19. The 
multiple cloning site in the lacz gene is shown below. pUC18 
differs from pUC19 by reversing the orientation of the multiple 
cloning site. The forward primer (-40, M13 universal primer), 5'-
GTTTTCCCAGTCACGAC-3', is located in front of the EcoRI site. 
Polycloning Sites 
pUC18 
Thr Met 
ATG ACC ATG 
2180 Seal 
2070 Pvul, 
2060 Avail' 
2000 
1922 Mstl 
lie Thr Asn 
ATT ACG AAT 
Ser 
TCG 
3 
Ser Ser val 
AGC TCG GTA 
4 
Pro 
Eco0109 2674 
pUC18 I pUC19 
(2.69 kb) 
HgiEII1387 
6 7 8 9 
Gly Asp Pro Leu Glu 
Ndel, HgiEII 185 
I Naif 2-sl Bg/1 252 //./ Mstl 259 0---- Pvul 280 
-Pvull309 
Pvull 631 
Af/111 806 
10 11 '12 13 14 15 16 
Ser Thr Cys Arg His Ala Ser 
CCC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGC 
L-..-.l 
17 
Leu 
TTG 
ceo AI Sac I Kpnl Smal Sam HI XIJal Pstl Sphl Hmalll 
X mal 
H11!CII 
pUC19 
4 4 6 9 10 11 '12 13 14 15 16 17 18 
Thr Mer lie Thr Pro Ser Leu His Ala Cys Arg Ser Thr Leu Glu Asp Pro Arg Val Pro Ser Ser Asn 
ATG Ace· ATG ATT ACG CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT 
Hmdlll Sphl Pstl Sail Sam HI ccoRI 
Ace! X mal 
Hi nell 
In pUC18. the ccoRt site lies Immediately downstream from P/ac· 
In pUC19. the Hindllt site hes immediately downstream from P1ac-
-·-------
18 
Ala Leu 
GCA CTG 
Ser Leu 
TCA CTG 
Ala 
GCC 
Ala 
GCC 
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pBluescript-SK (2959 bp; Stratagene, San Diego, CA, USA) is a 
small, high copy number E. coli plasmid vector specifically 
designed for exonuclease III shortening for sequencing purpose. 
The multiple cloning site is shown below the circular plasmid 
map. Bluescript-KS differs from Bluescript-SK by reversing the 
orientation of the multiple cloning site. The forward primer (-
40, M13 universal primer) is located upstream of the Kpni site. 
The reyerse primer (M13 universal), 5 1 ~AACAGCTATGACCATG-3 1 , is 
situated at the downstream of the Saci site. 
2135 Csul 
2130 etnot 
Polyclonong Site 
Kpno 
Apat 
Or all 
X hot 
Sail 
Acct 
Clat 
Hmcu 
2850 Ssp! 
" ori ~ (+)strand' 
Bluescript M13-
(2.96 kb) 
EcoFW Pstl SamHI Xturl &gl 
I 
Hindlll EcoRI Smal Spel Notl 
S.cll 
SstXI Sac I 
tn Bluescflot SK (Mt3 -1. the Sacl sot9 toes ommediat91y downstteam from tile bactenopl'lage T3 promoter 
ana tne Kpno stte hesommeooatety aownstream tram tne Dactenopi'ISge T7 promoter. In Bluescnp! KS (M13- ), 
!Me ootyctonong s•te os on 11'19 opposne oro9ntatton. 
T7 promoter 
T3 promoter 
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Restriction map of bacteriophage M13 vector M13mp18 (Norrander et 
al., 1983; Yanisch-Perron et al., 1985) The polyc1oning site is 
shown below the circular map. M13mp19 differs from M13mp18 by 
reversing the orientation df the polycloning site. 
Scale· 
240 base paors:cm. 
Cia I 6882 
Gsu I 6899 
CMen';'rMellleThrAsp- lK z· 
6230 
Sg/11 6935 
1Hp81l 7248 
~~ 
~~ 
M13mp18 
Ec047111 3039 
Ssml 1146 
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pWE15 (8 kb; Wahl et al., 1987) is a derivative of cosmid pCV107 
which is derived fron pJB8 (ApR, ColE1 origin) containing the 
SV40 origin of replication and bacteriophage T3 and T7 promoters 
on either side of Noti, a 8 bp rare cutter. pWE15 carries the 
neomycin resistance gene of Tn5 in a form (SV2-neo) that can be 
expressed in mammalian cells. Fragments of foreign DNA are cloned 
into the BamHI site and can be released as a single restriction 
fragment by Noti. 
6000 
Sam HI 
~ Notl Notl I EcoRI EcoRI I T7 promoter 
/Hindlll 
pWE15 
(8 kb) SV40 
4000 
Sail 
Sf/1 
Hindi II 
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pMC1403 (9.9 kb; Casadaban et al., 1983) is a promoter probe 
vector. . DNA fragments containing promoters together with 
translation-initiation sequences are cloned at BamHI, EcoRI and 
Smai sites where lacZ-fusion in frame occurred. The plasmid lacks 
the lac promoter, operator, ribosome-binding site, and 
translational initiation codon ATG as well as the first seven 
codons of lacZ. The ApR gene contained in EcoRI-Sali fragment is 
from the pBR322. 
£coRI Smai Bam HI 
9.0 ~1.0 on'P_.- . 
/ 
..0, 
~ 
.Pvuii Sacl 
pMC1403 
9.9kb 
Ava I 
Sa !I 
6.0 
5.0 
137 
pACYC184 (4244 bp; Chang and Cohen, 1978) is compatible with 
ColE1- or pMB1-derived plasmids. It can be amplified 10-fold with 
spectinomycin. The cloning sites for gene -inactivation are 
BamHI, EcoRI and Sal!. 
Bsplolll< 
Taqll 
Ball < Oral < 4000 
s.pl < Styl I Ncol 
Seal 
.Mull 
1lh1111 
BapWII < EcoRI < 4244 
Oral 
PYull 
500 
Pwll 
xCat < Al:d < Nhel 
Aap7001 
HI nell 
Eco671 
pACYC184 
4244 
1000 
NepHI 
3000 
PpuWI 
Ppuloll < Ball 
Awl 
Styl 
Sip WI 
2500 
Nrul 
Bgll < Xmalll 
Sail < A.ccl < 
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Appendix F 
One-and three-letter and codes used for amino acids. 
Amin9 acid Code Code Amino acid 
Alanine Ala A A Alanine 
Arginine Arg R c Cysteine 
Asparagine Asn N D Aspartic acid 
Aspartic acid Asp D E Glutamic acid 
Cysteine Cys c F Phenylalanine 
Glutamine Gln 0 G Glycine 
Glutamic acid Glu E H Histidine 
Glycine Gly G I Isoleucine 
Histidine His H K Lysine 
Isoleucine Ile. I L Leucine 
Leucine Leu L M Methionine 
Lysine Lys K N Asparagine 
Methionine Met M p Proline 
Phenylalanine Phe F Q Glutamine 
Proline Pro p R Arginine 
Serine Ser s s Serine 
Threonine Thr T T Threonine 
Tryptophan Trp w v Valine 
Tyrosine Tyr y w Tryptophan 
Valine Val v y Tyrosine 
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Appendix G 
Nucleic Acid Markers 
DNA Markers RNA Markers 
AEcoRI A.Hindiii A.EcoRI APsti5S 16S+23S BRL RNA 
Hindi II RNA RNA ladder 
Size bp bp bp bp base base kb 
Fragments 
No. 
1 21226 23130 21226 14057 120 3566 9.5 
2 7421 9416 5184 11497 1776 7.5 
3 5804 6557 4973 5077 4.4 
4 5643 4361 4277 4749 2.4 
5 4878 2322 3530 4507 1.4 
.6 3530 2027 2027 2838 0.24 
7 564 1904 2560 
8 125 1584 2459 
9 1330 2443 
10 983 2140 
11 831 1986 
12 564 1700 
13 125 1159 
14 1093 
15 805 
16 514 
17 468 
18 448 
19 339 
20 264 
21 247 (Agarose Gel Limit) 
22 216 
23 211 
.24 200 
25 164 
26 150 
27 94 
28 87 
29 72 
30 15 
140 
Literature Cited 
Aguilar, O.M., D. Kapp and A. Puhler. 1985. Characterization of a 
Rhizobium meliloti fixation gene (fixF) located near the 
common nodulation region. J. Bacterial. 164: 245-254. 
Aiba, H., S. Adhya and B. de Crombrugghe. 1981. Evidence for two 
functional gal promoters in intact Escherichia coli cells. J. 
Biol. Chern. 256:11905-11910. 
Allcock, E.R., S.J. Reid, D.T. Jones and D.R. Woods. 1982. 
Clostridium acetobutylicum protoplast formation and 
regeneration. Appl. Environ. Microbial. 43:719-721. 
Allf-Steinberger, C. 1984. Evidence for a coding pattern on the 
noncoding strand of the E. coli genome. Nucleic Acids Res. 
12: 2235-2241. 
Andersch, W., H. Bahl and G. Gottschalk. 1982. Acetone-butanol 
production by Clostridium acetobutylicum in an ammonium-
linked chemostat at low pH values. Biotechnol. Lett. 4:29-32. 
Andersch, W., H. Bahl and G. Gottschalk. 1983. Level of enzymes 
involved in acetate, butyrate, acetone and butanol formation 
by Clostridium acetobutylicum. Eur. J. Appl. Microbial. 
Biotechnol. 18:327-332. 
Andreesen, J.R., H. Bahl and G. Gottschalk. 1989. Introduction to 
the physiology and biochemistry of the genus Clostridium, p. 
27-62. In N.P. Minton and D.J. Clarke (eds.), Clostridia. 
Biotechnology Handbooks 3. Plenum Publishing Corp., New York, 
NY. 
Arigoni, F., P.A. Kaminski, H. Hennecke and C. Elmerich. 1991. 
Nucleotide sequence of the fixABC region of Azorhizobium 
caulinodans ORS571: similarity of the fixE product with 
eukaryotic flavoproteins, characterization of fixX, and 
identification of nifW. Mol. Gen. Genet. 225: 514-520. 
Backman, K.C., Y.-M. Chen and B. Magasanik. 1981. Physical and 
genetic characterization of the glnA-glnG region of the 
Escherichia coli chromosome. Proc. Natl. Acad. Sci. USA 
78:3743-3747. 
Bagdasarian, M. and K.N. Timmis. 1982. Host vector systems for 
gene cloning in Pseudomonas. Current Topics in Microbiology. 
96:47-67. 
Bahl, H. and G. Gottschalk. 1985. Parameters affecting solvent 
production by Clostridium acetobutylicum in continuous 
culture. Biotechnol. Bioeng. 514:217-223. 
Bahl, H. and G. Gottschalk. 1988. Microbial production of 
butanol/acetone, p. 1-30. In H. J. Rehm and G. Reed (ed.), 
Biotechnology, Vol. 6b. VCH Verlagsgesellschaft GmbH, 
Weinheim, Germany. 
141 
Bahl, H., W. Andersch and G. Gottschalk. 1982b. Continuous 
production of acetone and butanol by Clostridium 
acetobutylicum in a two-stage phosphate limited chemostat. 
Eur. J. Appl. Micro. Biotechnol. 15:201-205. 
Bahl, H., W. Andersch, K. Braun and G. Gottschalk. 1982a. Effect 
of pH and butyrate concentration on the production of acetone 
and butanol by Clostridium acetobutylicum grown in continuous 
culture. Eur. J. Appl. Microbial. Biotechnol. 14:17-20. 
Ballongue, J., J. Amine, E. Nasion, H. Petitdemange and R. Gay. 
1985. Induction of acetoacetate decarboxylase in Clostridium 
acetobutylicum. FEMS Microbial. Lett. 29:273-277. 
Ballongue, J., J. Amine, H. Petitemange and R. Gay. 1986. 
Regulation of acetate kinase and butyrate kinase by acids in 
Clostridium acetobutylicum. FEMS Microbial. Lett. 35: 295-
301. 
Batut, J., B. Terzaghi, M. Gherardi, M. Huguet, E. Terzaghi, A.M. 
Garnerone, P. Boistard and T. Haguet. 1985. Localizatio of a 
symbiotic fix region on Rhizobium meliloti pSym megaplasmid 
more than 200 kilobases from the nod-nif region. Mol. Gen. 
Genet. 199: 232-239. 
Becker, A. and M. Gold. 1975. Isolation of the bacteriophage 
lambda A-gene protein. Proc. Natl. Acad. Sci. USA 72: 581-
585. 
Beggs, J.D . . 1978. Transformation of yeast by a replicating hybrid 
plasmid. Nature 275:104-108. 
Benemann, J.R., D.C. Yoch, R.C. Valentine and D.I. Aron. 1969. 
The electron transport system in nitrogen fixation by 
Azotobacter. I. Azotoflavin as an electron carrier. Proc. 
Natl. Acad. Sci. USA 64: 1079-1086. 
Beringer, J. E . , N . J. Brew in and A. w. B . Johnston . 
genetic analysis of Rhizobium in relation to 
nitrogen fixation. Heredity 45: 161-186. 
1980. The 
symbiotic 
Bertram, J. and P. Durre. 1989. Conjugal transfer and expression 
of Streptococcal transposons in Clostridium acetobutylicum. 
Arch. Microbial. 151:551-557. 
Bertram, J., A. Kuhn and P. Dtirre. 1990. Tn916 Induced mutant of 
Clostridium acetobutylicum defective in regulation of solvent 
formation. Arch. Microbial. 153:373-377. 
Bethesda Research Laboratory 1987. BRL pUC host: Escherichia coli 
DH5aF'™ competent cells. Bethesda Res. Lab. Focus 9: 13. 
Better, M., B. Lewis, D. Corbin, G. Ditta and D.R. 
1984. Structural relationships among Rhizobium 
symbiotic promoters. Cell 35: 479-485. 
Helinski. 
meliloti 
142 
Bibb, M.J., P.R. Findlay and M.W. Johnson. 1984. The relationship 
between base composition and codon usuage in bacterial genes 
and its use for the simple and reliable identification of 
protein-coding sequences. Gene 30: 157-166. 
Birnboim, H. C. and J. Doly. 
procedure for screening 
Acids Res. 7:1513-1523. 
197 9. A rapid alkaline extraction 
recombinant plasmid DNA. Nucleic 
Blaschek, H.P. and M.A. Klacik. 1984. Role of DNase in recovery 
of plasmid DNA from Clostridium perfringens. Appl. Environ. 
Microbiol. 48:178-181. 
Bolivar, F., R.L. Rodriguez, P.J. Greene, M.C. Betlach, H.I. 
Heynecker, H.W. Boyer, J. Crosa and S. Falkow. 1977. 
Construction and characterization of new cloning vehicles. 
II. A multi-purpose cloning system. Gene 2:95-113. 
, Bowles, L.K. and W.L. Ellefson. 
Clostridium acetobutylicum. 
50:1165-1170. 
1985. Effects of 
Appl. Environ. 
butanol on 
Microbiol. 
Boyer H.W., and D. Roulland-Dussoix. 1969. A complementation 
analysis of the restriction and modification of DNA in 
Escherichia coli. J. Mol. Biol. 42: 459-472. 
Cannon, F . C . , G . E . Riedel and F . M. Ausubel . 19 7 9 . 
sequences of Klebsiella pneumoniae nifHDK 
characterized. Mol. Gen. Genet. 174: 59-66. 
Overlapping 
cloned and 
Cary, J. w., D. J. Petersen, E. T. Papoutsakis and G. N. Bennett. 
1988. Cloning and expression of Clostridium acetobutylicum 
phosphotransbutyrylase and butyrate kinase genes in 
Escherichia coli. J. Bacteriol. 170: 4613-4618. 
Cary, J.W., D.J. Petersen, E.T. Papoutsakis and G.N. Bennett. 
1990. Cloning and expression of Clostridium acetobutylicum 
ATCC 824 acetoacetyl-coenzyme A: acetate/butyrate: coenzyme A 
transferase in Escherichia coli. Appl. Environ. Microbiol. 
56: 1576-1583. 
Casadaban, M.J., A. Martinez-Arias, S.K. Shapira and J. Chou. 
1983. ~-Galactosidase gene fusion for analyzing gene 
expression in Escherichia coli and yeast, p.293-308. In R. Wu 
(ed.), Methods in Enzymology, Vol. 100. Academic Press Inc., 
New York, NY. 
Cashel, M. and K.E. Rudd. 1987. The stringent response, pp. 1410-
1438. In Escherichia coli and Salmonella typhimurium, 
cellular and molecular biology. F. C. Neidhardt (ed.), Vol. 
2, Am. Soc. Microbiol., Washington, DC. 
Chang, A. Y . C . , and S . N. Cohen . 
characterization of amplifiable 
vehicles derived from the p15A 
Bacteriol. 134: 1141-1156. 
1978. Construction and 
multicopy DNA cloning 
crytic miniplasmid. J. 
143 
Chung, C.T. and R.H. Miller. 1988. A rapid and convenient method 
for preparation and storage of competent bacterial cells. 
Nucleic Acids Res. 16: 3580. 
Clark, S.W., G.N. Bennett and R.B. Rudolph. 1989. Isolation and 
characterization of mutants of Clostridium acetobutylicum 
ATCC 824 deficient in acetoacetyl-coenzyme 
A:acetate/butyrate:coenzyme A transferase (EC 2.8.3.9) and in 
other solvent pathway enzymes. Appl. Environ. Microbial. 55: 
970-976. 
Clarke, L. and J. Carbon. 1976. A colony bank containing 
synthetic ColE1 hybrid plasmids representative of the entire 
Escherichia coli genome. Cell 9: 91-99. 
Clewell, D.B. and C. Gawron-Burke. 1986. Conjugative transposons 
and the dissemination of antibiotic resistance in 
streptococci. Annu. Rev. Microbial. 40: 635-659. 
Collins, J. and B. Hohn. 1978. Cosmids: A type of plasmid gene-
cloning vector that is packageable in vitro in bacteriophage 
A heads. Proc. Natl. Acad. Sci. 75: 4242-4246. 
Collins, J. and H.J. Bruning. 1978. Plasmids usable as gene 
cloning vectors in vitro packaging by coliphage A:'cosmiqs'. 
Gene 4: 85-107. 
Contag, P.R. and P. Rogers. 1988. The cloning and expression of 
the Clostridium acetobutylicum B643 butyraldehyde 
dehydrogenase by complementation of an Escherichia coli 
aldehyde dehydrogenase negative mutant, ASM Annual Meeting 
Abstracts, 1988, p.169. 
Contag, P.R., M.G. Williams and P. Rogers. 1990. Cloning of a 
lactate dehydrogenase gene from Clostridium acetobutylicum 
B643 and expression in Escherichia coli. Appl. Environ. 
Microbial. 56:3760-3765. 
Corbin, D, L. Barran and G. Ditta. 1983. Organization and 
expression of Rhizobium meliloti nitrogen fixation genes. 
Proc. Natl. Acad. Sci. USA 80: 3005-3009. 
Crouse, G.F., A. Frischauf and H. Lehrach. 
and simplified approach to cloning into 
stranded phages, p.78-98. In R. Wu, 
Moldave (eds.) , Methods in Enzymology, 
Press Inc., New York, NY. 
1983. An integrated 
plasmids and single-
L. Grossman and K. 
Vol. 101 . Academic 
Cummins, C.S. and J.L. Johnson. 1971. Taxonomy of the clostridia: 
Wall composition and DNA homologies in Clostridium butyricum 
and other acid-producing clostridia. J. Gen. Microbial. 67: 
33-46. 
Dagert, M. and S.D. Ehrlich. 1979. Prolonged incubation in 
calcium chloride improves the competence of Escherichia coli 
cells. Gene 6: 23. 
144 
Datta, R. and J.G. Zeikus. 1985. Modulation of acetone-butanol-
ethanol fermentation by carbon monooxide and organic acids. 
Appl. Environ. Microbial. 49: 522-529. 
-Davies, R. 1943. Studies on the acetone-butanol fermentation. 4. 
Acetoacetic acid decarboxylase of Cl. acetobutylicum (BY), 
Biochem. J. 37:230-238. 
Davies, R. and M. Stephenson. 1941. Studies on the acetone-butyl 
alcohol fermentation. 1. Nutritional and other ·factors 
involved in the preparation of active suspensions of 
Cl.acetobutylicum ~eizmann). Biochem. J. 35: 1320-1331. 
de Bruijn, F.J. and J.R. Lupski. 1984. The use of transposon Tn5 
mutagenesis in the rapid generation of correlated physical 
and genetic maps of DNA segments cloned into multicopy-
plasmids: A review. Gene 27: 131-149. 
Devereux, J., P. Haeberli and 0. Smithies. 1984. A comprehensive 
set of sequence analysis programs for the VAX. Nucleic Acids 
Res. 12: 387-395. 
Doelle, H.W. 1975. Bacterial.metabolism, 2nd ed. Academic Press 
Inc., New York, NY. 
Doi, R.H. and L.-F. Wang. 1986. Multiple procaryotic ribonucleic 
acid polymerase sigma factors. Microbial. Rev. 50: 227-243. 
Doremus, M.G., J.C. Linden and A.R. Moreira. 1985. Agitation and 
pressure effects on acetone-butanol fermentation. Biotechol. 
Bioeng. 27: 852-860. 
Duong, T.-v., E.A. Johnson and A.L. Demain. 1983. Thermophilic 
anaerobic and cellulolytic bacteria. p. 156-195. In A. 
Weisman (ed.), Topics in enzyme and fermentation 
biotechnology 7. John Wiley and Sons Inc., New York, NY. 
Durre, P., A. Kuhn and G. Gottschalk. 1986. Treatment with allyl 
alcohol selects specifically for mutants of Clostridium 
acetobutylicum defective in butanol synthesis. FEMS 
Microbial. Lett. 36: 77-81. 
Durre, P., A. Kuhn, M. Gottwald and G. Gottschalk. 1987. 
Enzymatic investigation on butanol dehydrogenase and 
butyraldehyde dehydrogenase in extracts of Clostridium 
acetobutylicum. Appl. Microbial. Biotechnol. 26: 268-272. 
Earl, C .D., C. W. Ronson and F .M. Ausubel. 1987. Genetic and 
structural analysis of the Rhizobium meliloti fixA, fixE, 
fixe and fixX genes. J. Bacterial. 169: 1127-1136. 
Ebeling, s., J.D. Noti and H. Hennecke. 1988. Identifiaction of a 
new Bradyrhizobium japonicum gene (frxA) encoding a 
ferredoxin-like protein. J. Bacterial. 170: 1999-2001. 
Efstathiou, I. and N. Truffaut. 1986. Cloning of Clostridium 
acetobutylicum genes and their expression in Escherichia coli 
and Bacillus subtilis. Mol. Gen. Genet. 204: 317-321. 
145 
Ehrlich, S.D., B. Niaudet and B. Michel. 1982. Use of plasmids 
from Staphlococcus aureus for cloning of DNA in Bacillus 
subtilis. Curr. Topics Microbial. Immunol. 96: 19-30. 
Ernst, J.F. 1988. Codon usuage and gene expression. Trends 
Biotechnol. 6: 196-199. 
Fiedler, S. and R. Wirth. 1988. Transformation of bacteria with 
plasmid DNA by electroporation. Anal. Biochem. 170: 38-44. 
Finocchiaro, G., I. Michinori, I. Yasuyuki and K. Tanaka. 1988. 
Molecular cloning and nucleotide sequence of cDNAs encoding 
the a.-subunit of human electron transfer protein. J. Biol. 
Chern. 263: 15773-15780. 
Freier, D. and G. Gottschalk. 1987. L(+)-lactate dehydrogenase of 
Clostridium acetobutylicum is activated by fructose-1,6-
bisphosphate, FEMS Microbial. Lett. 43: 229-233. 
Gapes, J.R., V.F. Larsen and I.S. Maddox. 1982. Microbial 
production of n-butanol: some problems associated with the 
fermentation, p. 90-101. In Energy from biomass. Proceedings 
of the 14th Biotechnology Conference, Palmerston North, New 
Zealand. 
Gawron-Burke, C. and D.B. Clewell. 1984. Regeneration of 
insertionally inactivated streptococcal DNA fragments after 
excision of transposon Tn916 in Escherichia coli: Strategy 
for targeting and cloning of genes from Gram positive 
bacteria. J. Bacterial. 159: 214-221. 
George, H .A. and J. S. Chen. 
obligatory for onset of 
beijerinckii (synonym, 
Microbial. 46: 321-327. 
1983. Acidic conditions are not 
butanol formation by Clostridium 
C. butylicum) . Appl. . Environ. 
Gerischer, U. and P. Durre. 1990. Cloning, Sequencing, and 
molecular analysis of the acetoacetate decarboxylase gene 
region from Clostridium acetobutylicum. J. Bacterial. 172: 
6907-6918. 
Gerischer, u. and P. Durre. 1992. mRNA analysis of the adc gene 
region of C. acetobutylicum during the shift to 
solventogenesis. J. Bacterial. 174: 426-433. 
Gold, L. 1988. Post-transcriptional regulatory mechanisms in 
Escherichia coli. Annu. Rev. Biochem. 57: 199-233. 
Gold, L., D. Pribnow, T. Schneider, S. Shinedling, B.S. Singer 
and G. Stormo. 1981. Translational initiation in procaryotes. 
Annu. Rev.•Microbiol. 35: 365-403. 
Gottschal, J.C. and J.G. Morris, 1981a. Nonproduction of acetone 
and butanol by Clostridium acetobutylicum during glucose- and 
ammonium-limitation in continuous culture. Biotechnol. Lett. 
3: 525-530. 
146 
Gottschal, J.C. and J.G. Morris. 1981b. The induction of acetone 
and butanol production in cultures of Clostridium 
acetobutylicum by elevated concentrations of acetate and 
butyrate. FEMS. Microbial. Lett. 12: 385-389. 
Gottschalk, G. 1979. Bacterial metabolism. Springer Verlag, New 
York, NY. 
Gottwald, M. and G. Gottschalk. 1985. The internal pH of 
Clostridium acetobutylicum and its effect on the shift from 
acid to solvent formation. Arch .. Microbiol. 143: 42-46. 
Graves, M. C., and J. C. Rabinowitz. 198 6. In vivo and in vitro 
transcription of the Clostridium pasteurianum ferredoxin 
gene. Evidence for "extended" promoter elements in gram-
positive organisms. J. Biol. Chern. 261: 11409-11415. 
Gribskov, M., J. Devereux and R.R. Burgess. 1984. The codon 
preference plot: Graphic analysis of protein coding sequences 
and prediction of gene expression. Nucleic Acids Res. 12: 
539-549. 
Grosveld, F.G., T. Lund, E.J. Murray, A.L. Mellor, H.-H.M. Dahl 
and R.A. Flavell. 1982. The construction of' cosmid libraries 
which can be used to transform eukaryotic cells. Nucleic 
acids Res. 10: 6715-6732. 
Grupe, H. 1991. Doctoral Thesis, University of Gottingen. 
Grupe, H. and G. Gottschalk. 1990. Clostridium acetobutylicum and 
the production of solvents, p. 715-729. In H. Heslot, J. 
Davies, J. Florent, L. Bobichon, G. Durand and L. Penasse 
(eds.), Proceedings of the 6th international symposium on 
genetics of industrial microorganisms, Vol. 2. Societe 
Francaise de Microbiologie, Strasbourg. 
Hager, P.W. and J.C. Rabinowitz. 1985. Translational specificity 
in Bacillus subtilis, p. 1-32. In D. Dubnau (ed.), The 
molecular biology of the Bacilli. Academic Press Inc., New 
York, NY. 
Hancock, K.R., E. Rockman, C.A. Young, L. Pearce, I.S. Maddox and 
D.B. Scott. 1991. Expression and nucleotide sequence of the 
C. acetobutylicum ~-galactosidase gene cloned in Escherichia 
coli. J. Bacterial. 173:3084-3095. 
Hancock, K.R., S. Reid, J.D. 
Cloning and sequencing 
acetobutylicum that shows 
sporulation gene. Gene. in 
Santangelo and D . R. Woods . 1 9 9 2 • 
of a gene from Clostridium 
homology to the Bacillus spoiiD 
press. 
Hardman, J.K. and C.T. Stadtman. 1963. Metabolism of co-amino 
acid. V. Energetics of the y-aminobutyrate fermentation by 
Clostridium aminobutyricum. J. Bacterial. 85:1326-1333. 
Hartmanis, M.G.N. 1987. Butyrate kinase from Clostridium 
acetobutylicum. J. Biol. Chern. 262: 617~621. 
147 
Hartmanis, M.G.N. and S. Gatenbeck. 1984. Intermediary metabolism 
in Clostridium acetobutylicum: levels of enzymes involved in 
the formation of acetate and butyrate. Appl. Environ. 
Microbial. 47: 1277-1283. 
Hartmanis, M.G.N., T. Klason and S. Gatenbeck. 1984. Uptake and 
activation of acetate and butyrate in Clostridium 
acetobutylicum. Appl. Environ. Microbial. 20: 66-71. 
Henikoff, S. 1984. Unidirectional digestion with exonuclease III 
creates targeted breakpoints for DNA sequencing. Gene 28: 
351-359. \ 
Henikoff, S. 1987. Unidirectional digestion with exonuclease III 
in DNA sequence analysis, p. 156-165. In R. Wu(ed.), Methods 
in Enzymology, Vol.155. Academic Press Inc., New York, NY. 
Hennecke, H., H.-M. Fischer, M. Gubler, B. Thony 
Anthamatten. 1988. Regulation of nif and fix genes in 
Bradyrhizobium japonicum occurs by a cascade of two 
consecutive steps of which the second one is oxygen 
sensitive, pp.339-344. In Bothe, H.,F. J. De Bruijn and W. 
E. Newton (eds.), Nitrogen Fixation:Hundred Years After. 
Stuttgart/New York: Gustav Fischer. 
and D. 
·Herrero, A.A. 1983. End-product inhibition 
fermentations. Trends Biotechnol. 1: 49-53. 
in anaerobic 
Hickey, C.S. and M.G. Johnson. 1981. Effect of pH shifts, bile 
salts and glucose on sporulation of Clostridium perfringens 
NCTC 8798. Appl. Environ. Microbiol. 41:124-129. 
Hinnen, A.D., J.B. Hicks and G.R. Fink. 1978. Transformation of 
yeast. Proc~ Natl. Acad. Sci. USA 75: 1929-1933. 
Hiu, S.F., C. Zhu, R. Yan and J. Chen. 1987. Butanol-ethanol 
dehydrogenase and butanol-ethanol-isopropanol dehydrogenase: 
different alcohol dehydrogenases in two strains of 
Clostridium beijerinckii (Clostridium butylicum) Appl. 
Environ. Microbiol. 53: 697-703. 
Hohn, B. 1979. In vitro packaging of lambda and cosmid DNA, 
p.209-309. In R. Wu (ed.) Methods in Enzymology, Vol. 68. 
Academic Press Inc., New York, NY. 
Hohn, B. and J. Collins. 198 0. A small cosmid for efficient 
cloning of large DNA fragments. Gene 11: 291-298. 
Hohn, B. and K. Murray. 1977. Packaging recombinant DNA molecules 
into bacteriophage particles in vitro. Proc. Natl. Acad. Sci. 
USA 74:3259-3263. 
Holt, R.A., G.M. Stephens and J.G. Morris. 1984. Production of 
solvents by Clostridium acetobutylicum cultures maintained at 
neutral pH. Appl. Environ. Microbial. 48: 1166-1170. 
148 
Howell, S .H. 1982. Plant molecular vehicles: 
for introducing foreign DNA into plants. 
Physiol. 33: 609-650. 
Potential vectors 
Annu. Rev. Plant 
Huang, L., L.N. Gibbins and C.W. Forsberg. 1985. Transmembrane pH 
gradient and membrane potential in Clostridium acetobutylicum 
during growth under acetogenic and solventogenic conditions. 
Appl.Environ. Microbiol. 50: 1043-1047. 
Hiisemann, M.H.W. and E.T. Papoutsakis. 1986. Effect of 
acetoacetate, butyrate, and uncoupling ionophores on growth 
and product formation of Clostridium acetobutylicum. 
Biotechnol. Lett. 8: 37-42. 
Hiisemann, M.H.W. and E.T. Papoutsakis. 1989. Enzymes limiting 
butanol and acetone formation in continuous and batch 
cultures of Clostridium acetobutylicum. Appl. Microbiol. 
Biotechnol. 31: 435-444. 
Hiisemann, M. H . W. 
propionate and 
batch cultures 
Microbiol. 56: 
and E.T. Papoutsakis. 1990. Effects of 
acetate additions on solvent production in 
of Clostridium acetobutylicum. Appl. Environ. 
1497-1500. 
Iismaa, S.E. and J.M. Watson. 1987. A gene upstream of the 
Rhizobium trifolii nifA gene encodes a ferredoxin-like 
protein. Nucleic. Acids Res. 15:3180. 
Ish-Horowicz, D. and J.F. Burke. 1981. Rapid and efficient cosmid 
cloning. Nucleic Acids Res. 9: 2989-2998. 
Janssen, P.J., D.T. Jones and D.R. Woods. 1990. Studies on 
Clostridium acetobutylicum glnA promoters and antisense RNA. 
Mol. Microbiol.4: 1575-1583. 
Janssen, P. J., W .A. Jones, D. T. Jones and D .R. Woods. 1988. 
Molecular analysis and regulation of the glnA gene of the 
Gram positive anaerobe Clostridium acetobutylicum. J. 
Bacteriol. 170: 400-408. 
Jones, D.T. and D.R. Woods. 1986a. Acetone-butanol fermentation 
revisited. Microbiol. Rev. 50: 484-524. 
Jones, D.T. and D.R. Woods. 1986b. Gene transfer, recombination 
and gene cloning in Clostridium acetobutylicum. Microbiol. 
Sci. 3: 19-22. 
Jones, D.T. and D.R. Woods. 1988. Genetic manipulation of 
Clostridium acetobutylicum and other species of Clostridium, 
p. 255-276. In J.A. Thomson. (ed.), Recombinant DNA and 
bacterial fermentation. CRC Press, Inc., Boca Raton. 
Jones, D.T. and D.R. Woods. 1989. Solvent production. In 
Biotechnology Handbooks Vol. 3 Clostridia (Minton, N. P., and 
Clarke, D. J. ed. ), pp. 105-144. Plenum Press, New York. NY. 
Jones, D.T., W.A. Jones and D.R. Woods. 1985. Production of 
recombinants after protoplast fusion in Clostridium 
acetobutylicum P262. J. Gen. Microbiol. 131: 1213-1216. 
149 
Jones, D.T.,A. van der Westhuizen, S. Long. E.R. A1l.cock, S.J. 
Reid and D.R. Woods. 1982. Solvent production and 
morphological changes in Clostridium acetobutylicum. Appl. 
Environ. Microbial. 43: 1434-1439 . 
.- Jungermann, K., E. Rupprecht, R. Ohrloff, R.K. Thauer and K. 
Decker. 1971b. Regulation of the reduced nicotinamide adenine 
dinucleotide-ferredoxin reductase system in Clostridium 
kluyveri. J. Biol. Chern. 246: 960-963. 
Jungermann, K., G. Leimenstoll, E. Rupprecht and R.K. Thauer. 
1971a. Demonstration of NADH-ferredoxin reductase in two 
saccharolytic Clostridia. Arch. Microbial. 80:370-372. 
Jungermann, K., M. Kern, v. Riebeling and R.K. Thauer. 1976. 
Function and regulation of ferredoxin reduction with NADH in 
Clostridia, p. 85-96. In H. G. Schlegel, G. Gottschalk and N. 
Pfennig (eds.), Microbial production and utilization of 
gases. Goltze, Gottingen, Germany. 
Jungermann, K., R.K. Thauer, G. Leimenstoll and K. Decker. 1973. 
Function of reduced pyridine nucleotide-ferredoxin 
oxidoreductases in saccharolytic Clostridia. Biochim. 
Biophys. Acta 305: 268-280. 
Kell, D.B., M.W. Peck, G. Rodger and J.G. Morris. 1981. on the 
permeability to weak acids and bases of the cytoplasmic 
membrane of Clostridium pasteurianum. Biochem. Biophys. Res. 
Commun. 99: 81-88. 
Kieser, T., D.A. Hopwood, H.M. Wright and C.J.Thompson. 1982. 
piJ101, a multicopy broad-host range Streptomyces plasmid: 
functional analysis and development of DNA cloning vectors. 
Mol. Gen. Genet. 185: 223-238. 
Kim, B.H. and J.G. Zeikus. 1985. Importance of hydrogen 
metabolism in regulation of solventogenesis by Clostridium 
acetobutylicum. Dev. Ind .. Microbial. 26: 1-14. 
Kim, B.H., P. Bellows, R. Datta and J.G. Zeikus. 1984. Control of 
carbon and electron flow in Clostridium acetobutylicum 
fermentations: utilization of carbon monoxide to inhibit 
hydrogen production and to enhance butanol yields. Appl. 
Environ. Microbial. 48:764-770. 
Konigsberg, w. and G.N. Godson. 1983. Evidence for use of rare 
codons in the dnaG gene and other regulatory genes of 
Escherichia coli. Proc. Natl. Acad. Sci. USA 80: 687-691. 
Kozak, M. 1983. Comparison of initiation of protein synthesis in 
procaryotes, eucaryotes and organelles. Microbial. Rev. 47: 
1-45. 
Lau, Y.F. and Y.W. Kan. 1983. Versatile cosmid vectors for the 
isolation, expression, and rescue of gene sequences: studies 
with the human alpha-globin gene cluster. Proc. Natl. Acad. 
Sci. USA 80:5225-5229. 
150 
Lin, Y.L. and H.P. Blaschek. 1984. Transformation of heat-treated 
Clostridium acetobutylicum protoplasts with pUB110 plasmid 
DNA. Appl. Environ. Microbial. 48: 737-742. 
Little, P.F.R. and S.H. Cross. 1985. A cosmid 
facilitates restriction enzyme ·mapping. Proc. 
Sci. USA 82: 3159-3163. 
vector that 
Natl. Acad. 
Long, S., D.T. Jones and D.R. Woods. 1983. Sporulation of 
Clostridium acetobutylicum P262 in a defined medium. Appl. 
Environ. Microbial. 45:1389-1393. 
Long, S., D.T. Jones and D.R. Woods. 
production, clostridial stage 
Clostridium acetobutylicum P262. 
20: 256-261. 
1984a. Initiation of solvent 
and endospore formation in 
Appl. Microbial. Biotechnol. 
Long, S., D.T. Jones and D.R. Woods. 1984b. The relationship 
between sporulation and solvent production in Clostridium 
acetobutylicum P262. Biotechnol. Lett. 6: 529-534. 
Losick, R., P. Youngman 
endospore formation in 
20: 625-669. 
and P.J. Pigot. 1986. Genetics of 
Bacillus subtilis. Annu. Rev. Genet. 
Lucansky, J.B., P.M. Muriana and T.R. Klaenhammer. 1988. 
Application of electroporation for transfer of plasmid DNA to 
Lactobacillus, Lactococcus, Leuconostoc. Listeria, 
Pediococcus, Bacillus, Staphylococcus, Enterococcus and 
Propionibacterium. Mol. Microbial. 2: 637-646. 
Mandelstam, J., K. McQuillen and I. Dawes. 1982. Biochemistry of 
Bacterial Growth. Blackwell Scientific Publications. Oxford. 
Maniatis, T., E.F. Fritsch and J. Sambrook. 1982. Molecular 
cloning: a laboratory manual. Cold Spring Harbor Laboratory. 
Cold Spring Harbor, NY. 
Marmur, J. 1961. 
deoxyribonucleic 
3:208-218. 
A procedure for the 
acid from microorganisms. 
isolation of 
J. Mol. Biol. 
Martin, J.R., H. Petitdemange, J. Ballongue and R. Gay. 1983. 
Effects of acetic and butyric acids on solvent production by 
Clostridium acetobutylicum. Biotechnol. Lett. 5:89-94. 
Matta-El-Ammouri, G., R. Janati-Idrissi, A.-M. Junelles, H. 
Petitdemange and R. Gay. 1987. Effects of butyric and acetic 
acids on acetone-butanol formation by Clostridium 
acetobutylicum. Biochimie 69: 109-115. 
McNeil, B. and B. Kristiansen. 1985. Effect of temperature upon 
growth rate and solvent production in batch cultures of 
Clostridium acetobutylicum. Biotechnol. Lett. 7:499-502. 
Miller, J.H. 1972. Experiments in molecular genetics, p. 13-23. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 
151 
Minton, N.P. and J.D. Oultram. 1988. Host: vector systems for 
gene cloning in Clostridium. Microbial. Sci. 5: 310-315. 
Minton, N. P., J. K. Brehm, J.D. Oultram, D. E. Thompson, T. -J. 
Swinfield, A. Pennock, S. Schimming, S.M. Whelan, 0. Vetter, 
M. Young and W.L. Staudenbauer. 1990b. Vector systems for the 
genetic analysis of Clostridium acetobutylicum, p.187-201. In 
S.P. Borriello (ed.), Clinical and molecular aspects of 
anaerobes. Wrightson Biomedical Publishing Ltd., Petersfield. 
Minton, N.P., J.K. Brehm, J. Oultram, T.-J. Swinfield, S. 
Schimming, S. E. Whelan, D. E. Thompson, M. Young and W. L. 
Staudenbauer. 1990a. Development of genetic systems for 
Clostridium acetobutylicum, p. 759-770. In H. Heslot, J. 
Davies, J. Florent, L. Bobichon, G. Durand and L. Penasse 
(eds.), Proceedings of the 6th international symposium on 
genetics of industrial microorganisms, Vol. 2. Societe 
Francaise de Microbiologie, Strasbourg. 
Minton, N.P. and D.E. Thompson. 1990. Genetics of Anaerobes, 
p.38-61. In B. I. Duerden and D.I.Drassar (eds.), Anaerobes 
in Human Disease. Edward Arnold, London. 
Monot, F. and J. M. Engaser. 1983. Continous production of 
acetone butanol on an optimized synthetic medium. Eur. J. 
Appl. Microbial. Biotechnol. 18: 246-248. 
Monot, F., J.M. Engasser and H. Petitdemange. 1984. Influence of 
pH and undissociated butyric acid on the production of 
acetone and butanol in batch cultures of Clostridium 
acetobutylicum. Appl. Microbial. Biotechnol. 19: 422-426. 
Mortenson, L.E. 1964. Ferredoxin requirement for 
fixation by extracts of Clostridium pasteurianum. 
Biophys. Acta 81: 473-478. · 
nitrogen 
Biochim. 
Murrell, W.G. 1967. The biochemistry of the bacterial endospore. 
Adv. Microbial. Physiol. 1:133-251. 
Muzyczka, N. 1980. Construction of an SV-40 derived cloning 
vector. Gene 11: 63-67. 
Norrander, J., T. Kempe and J. Messing. 1983. Construction of 
improved M13 vectors using oligonucleotide-directed 
mutagenesis. Gene 261: 101-106. 
O'Brien, R.W. and J.G. Morris. 1971. Oxygen and the growth and 
metabolism of Clostridium acetobutylicum. J. Gen. Microbial., 
68:307-318. 
Olsen, R.H., G. Debusscher and W.R. McCombie. 1982. Development 
of broad-host range vectors and gene banks: self cloning of 
the Pseudomonas aeruginosa PAO chromosome. J. Bacterial. 
150:60-69. 
Oultram, J.D. and M. Young. 1985. Conjugal transfer of plasmid 
pAM~1 from Streptococcus lactis and Bacillus subtilis to 
Clostridium acetobutylicum. FEMS Microbial. Lett. 27:129-134. 
152 
Oultram, J.D., A. Davies and M. Young. 1987. Conjugal transfer of 
a small plasmid from Bacillus subtilis to Clostridium 
acetobutylicum by cointegrate formation with plasmid pAM~1. 
FEMS Microbiol. Lett. 42: 114-119. 
Oultram, J.D., M. Loughllin, T.-J. Swinfield, J.K. Brehm, D.E. 
Thompson and N.P. Minton. 1988. Introduction of plasmids into 
whole cells of Clostridium acetobutylicum by electroporation. 
FEMS Microbial. Lett. 56: 83-88. 
Palosaari, N.R. and P. Rogers. 1988. Purification and properties 
of the inducible coenzyme A-linked butyraldehyde 
dehydrogenase from Clostridium acetobutylicum. J. Bacteriol. 
170:2971-2976. 
Papoutsakis, E.T. and G.N. Bennett. 1991. Cloning, structure and 
expression of acid and solvent pathway genes of Clostridium 
acetobutylicum. In The Clostridia and Biotechnology. D. R. 
Woods (ed.). Butterworths, Oxford. In press. 
Petersen, D.J. 1991. Ph.D. Thesis. Rice University, Houston, TX. 
Petersen, D.J. and G.N. Bennett. 1990a. Abst. 0-76, American 
Society for Microbiology National Meeting. 
Petersen, D.J. and G.N. Bennett. 1990b. Purification of 
acetoacetate decarboxylase from Clostridium acetobutylicum 
ATCC 824 and cloning of the acetoacetate decarboxylase gene 
in Escherichia coli. Appl. Environ. Microbiol. 56:3491-3498. 
Petersen, D.J., R.W. Welch, F.B. Rudolph and G.N. Bennett. 1991. 
Molecular cloning of an alcohol (butanol) dehydrogenase gene 
cluster from Clostridium acetobutylicum ATCC 824. J. 
Bacteriol. 173: 1831-1834. 
Petitdemange, H., C. Cherrier, G. Raval and R. Gay. 197 6. 
Regulation of the NADH and NADPH-ferredoxin oxidoreductases 
in Clostridia of the butyric group. Biochim. Biophys. Acta 
421: 334-347. 
Podvin, L., G. Reysset, J. Hubert and M. Sebald. 1988. Recent 
developments in the genetics of Clostridium acetobutylicum, 
pp. 135-140. In: Anaerobes Today. (J. M. Hardie and S. 
P.Borriello, eds.) John Wiely and Sons, Chichester 
Pouwels, P.H., B.E. Enger-Valk and W.J. Brammar. 1985. Cloning 
vectors: A laboratory mannual. Amsterdam:Elsevier. 
Prescott, S.G. and C.G. Dunn. 1959. Industrial microbiology. 3rd 
ed. McGraw-Hill Book Co., New York. NY. 
Puhler, A., M.O. Aguilar, P. Hynes, W. Klipp, U. Priefer, R. 
Simon and G. Weber. 1984. Advances in the genetics of free-
living and symbiotic nitrogen fixation bacteria, p. 609-619. 
In C. Veeger and W. E. Newton (ed.), Advances in nitrogen 
fixation research. Nijhoff-Junk/Pudoc, The Hague. 
Rao, G. and R. Mutharasan. 
Clostridium acetobutylicum 
Biotechnol. Lett. 8: 893-896. 
153 
1986. Alcohol production by 
induced by methyl viologen. 
Reid, S.J., E.R. Allcock, D.T. Jones and D.R. Woods. 1983. 
Transformation of Clostridium acetobutylicum protoplasts with 
bacteriophage DNA. Appl. Environ. Microbial. 45: 305-307. 
Reysenbach, A.L., N. Ravenscroft, S. Long, D.T. Jones and D.R. 
Woods. 1986. Characterization, biosynthesis, and regulation 
of granulose in Clostridium acetobutylicum. Appl. Environ. 
Microbial. 52:275-281. 
Reysset, G. and M. Sebald. 1985. Conjugal transfer of plasmid-
mediated antibiotic resistance from streptococci to 
Clostridium acetobutylicum. Ann. Microbial. Inst. Pasteur 
136:275-282. 
Reysset, G., J. Hubert, L. Podvin, and M. Sebald. 1987. 
Protoplast formation and regeneration of Clostridium 
acetobutylicum strain N1-4080. J. Gen. Microbial. 133:2595-
2600. 
Reysset, G., J. Hubert, L. Podvin, and M. Sebald. 1988. 
Transfection and transformation of Clostridium acetobutylicum 
strain N1-4081 protoplasts. Biotechnol. Tech. 2: 199-204. 
Riedel, G.E., F.M. Ausubel and F.C. Cannon. 1979. Physical map of 
chromosomal nitrogen fixation (nif) genes of Klebsiella 
pneumoniae. Proc. Natl. Acad. Sci. USA 76: 2866-2870. 
Rigby, P.W.J., M. Dieckmann, C. Rhodes and P. Berg. 1977. 
Labelling deoxyribonucleic acid to high specific activity in 
vitro by nick translation with DNA polymerase I. J. Mol. 
Biol. 113: 237-251. 
Rogers, P. 1986. Genetics and Biochemistry of Clostridium 
relevant to development .of fermentation processes. Adv. Appl. 
Microbial. 31: 1-60. 
Rogers, P. and G. Gottschalk. 1991. Biochemistry and regulation 
of acid and solvent p~oduction in Clostridia. In The 
Clostridia and Biotechnology. D. R. Woods (ed.). 
Butterworths, Oxford. In press. 
Rosenblum, E .D., and P. W. Wilson. 194 9. Fixation of isotopic 
nitrogen by Clostridium. J. Bacterial. 52: 413-414. 
Ruvkun, G.B., V. Sundaresan and F.M. Ausubel. 1982. Directed 
transposon Tn5 mutagenesis and complementation analysis of 
Rhizobium meliloti symbiotic nitrogen fixation genes. Cell 
29: 551-559. 
Saier, M.H. 1989. Protein phosphorylation and allosteric control 
of inducer exclusion and catabolite repression by the 
bacterial phosphoenolpyruvate: sugar phosphotransferase 
system. Microbial. Rev. 53: 109-120. 
154 
Sakaguchi, K. 1982. Vectors for gene cloning in pseudomonas and 
their applications. Curr. Topics Microbial. and Immunol. 96: 
31-46. 
Salser, W. 1977. Globin mRNA sequences: Analysis of base pairing 
and evolutionary implications. Cold Spring· Harbor Symp. 
Quant. Biol. 42: 985-1002. 
Sambrook, J., E.F. Fritsch and T. Maniatis. 1989. Molecular 
cloning: a laboratory manual. 2nd ed. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New York, NY. 
Sanger, F., S. Nicklen and A.R. Coulson. 1977. DNA sequencing 
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 
74: 5463-5467. 
Santangelo, J.D., D.T. Jones and D.R. Woods. 1991. Metronidazole 
activation and the isolation of Clostridium acetobutylicum 
electron transport genes. J. Bacterial. 173: 1088-1095. 
Scangos, G. and F.H. Ruddle. 1981. Mechanisms and applications of 
DNA-mediated gene transfer in mammalian cells -a review. Gene 
14:1-10. 
·scherings, G., H. Haaker and C. Veeger. 1977. Regulation of 
nitrogen fixation by Fe-S protein II in Azotobacter 
vinelandii. Eur. J. Biochem. 77: 621-630. 
Shine, J. and L. Dalgarno. 197 4. The 3' terminal sequence of 
Escherichia coli 16S ribosomal RNA: complementary to nonsense 
triplets and ribosomal binding sites. Proc. Natl. Acad. Sci. 
USA 71: 1342-1346. 
Shinzawa, K.,T. Inagaki, N. Ohishi, C. Ichihara, N. Tsukagoshi, 
S. Udaka and K. Yagi. 1988. Molecular cloning of a eDNA for 
a-subunit of rat liver electron transfer protein. Biochem. 
Biophys. Res. Commun. 155: 300-304. 
Smith, G.E. and M.D. Summers. 1980. The bidirectional transfer of 
DNA and RNA to nitrocellulose or diazobenzyloxymethyl-paper. 
Anal. Biochem. 109: 123-129. 
Sonenshein, A.L. 1985. Recent progress in metabolic regulation of 
sporulation, p. 185-193. In J. A. Hoch and P. Setlow (eds.), 
Molecular biology of microbial differentiation. American 
Society for Microbiology, Washington, DC. 
Sonenshein, A. L. 198 9. Metabolic regulation of sporulation and 
other stationary phase phenomena, p. 109-130. In P. Setlow, 
R. Slipecky and I. Smith (eds.), Regulation of prokaryotic 
development. American Society for Microbiology, Washington, 
DC. 
Southern, E.M. 1975. Detection of specific sequences among DNA 
fragments separated by gel electrophoresis. J. Mol. Biol. 98: 
503-517. 
Speakman, H.B. 1920. Gas production during the acetone and butyl 
alcohol fermentation of starch. J. Biol. Chern. 43: 401-411. 
155 
Spivey, M.J. 1978. The acetone/butanol/ethanol fermentation. 
Process Biochem. 13: 2-5. 
Stadtman, E.R. 1952. The purification and properties of 
phosphotransacetylase. J. Biol. Chern. 196: 527-534. 
Starr, M.P., H. Stolp, H.G. Truper, A. Balows and H.G. Schlegel. 
1981. The prokaryotes. Vol. 1 Springer-Verlag, Berlin. 
Steinmetz, M., K. Winoto, K. Minard and L. Hood. 1982. Clusters 
of genes encoding mouse transplantation antigens. Cell 28: 
\ 489-498. 
Sterlini, J.M. and J. Mandelstam. 1969. Commitment to sporulation 
in Bacillus subtilis and its relationship to development of 
actinomycin resistance. Biochem. J. 113: 29-37. 
Sternberg, N., D. Tiemeier and L. Enquist. 1977. In vitro 
packaging of a A dam vector containing EcoRI DNA fragments of 
Escherichia coli and phage Pl. Gene 1: 255. 
Stock, J.B., A.J. Ninfa and A.M. 
phosphorlyation and regulation of 
bacteria. Microbial. Rev. 53: 450-490. 
Stock. 
adaptive 
1989. Protein 
response in 
Struhl, K. 1985. A rapid method for creating recombinant DNA 
molecule. BioTechniques 3: 452-453. 
Swinfield, T.-J., J.D. Oultram, D.E. Thompson, J.K. Brehm and 
of the 
plasmid 
N.P. Minton. 1990. Physical characterization 
replication region of the Streptococcus faecalis 
pAM~l. Gene 87: 79-90. 
Szeto, W. W., J .L. Zimmerman, V. Sundaresah and F .M. Ausubel. 
1984. A Rhizobium meliloti symbiotic regulatory gene. Cell 
36: 1035-1043. 
Tabor, s. and C.C. Richardson. 1987. DNA sequence analysis with a 
modified bacteriophage T7 DNA polymerase. Proc. Natl. Acad. 
Sci.USA 84: 4767-4771. 
Tagaki, W. and F.H. Westheimer. 1968. Acetoacetate decarboxylase. 
The molecular weight of the enzyme and subunits. Biochem. 
7:895-900 
Terracciano J.S. and E.R. Kashket. 1986. Intracellular conditions 
required for initiation of solvent production by Clostridium 
acetobutylicum. Appl. Environ. Microbial. 52: 86-91. 
Truffaut, N., J. Hubert and G. Reysset. 1989. Construction of 
shuttle vectors useful for transforming Clostridium 
acetobutylicum. FEMS Microbial. Lett. 58: 15-20. 
Usdin, K.P., H. Zappe, D.T. Jones and D.R. Woods. 1986. Cloning, 
expression and purification of glutamine synthetase from 
Clostridium acetobutylicum. Appl. Environ. Microbial. 52: 
413-419. 
van der Westhuizen, A., D.T. Jones and D.R. Woods. 1982. 
Autolytic activity and butanol tolerance of Clostridium 
acetobutylicum. Appl. Environ. Microbial. 44: 1277-1282. 
156 
Volesky, B. and T. Szczesny. 
pentose sugars to acetone 
Biotechnol. 27: 101-117. 
1983. Bacterial 
and butanol. Adv. 
conversion of 
Biochem. Eng. 
Volesky, B., A. Mulchandani and J. Williams. 1981. Biochemical 
production of industrial solvents (acetone-butanol-ethanol) 
from renewable resources. Ann. N.Y. Acad. Sci. 369:205-218. 
Wahl, G., K.A. Lewis, J.C. Ruiz, B. Rothenberq, J. Zhao and G. 
Evans. 1987. Cosmid vectors for rapid genomic walking, 
restriction mapping and gene transfer. Proc. Natl. Acad. Sci. 
USA 84: 2160-2164. 
Walton, M.T. and J.L. Martin. 1979. Production of butanol-actone 
by fermentation, p. 187-209. In H. J. Peppler and D. Perlman 
(eds.), Microbial technology, 2nd ed., Vol. 1. Academic Press 
Inc., New York, NY. 
Waterson. R.M., F.J. Castellino, G.M. Bass and R.L. Hill. 1972. 
Purification and characterization of crotonase fron 
Clostridium acetobutylicum. J. Biol. Chern. 147: 5266-5271~ 
Welch, R.W., F.B. Rudolph and E.T. Papoutsakis. 1989. 
Purification and characterization of the NADH-dependent 
butanol dehydrogenase from Clostridium acetobutylicum (ATCC 
824). Arch. Biochem. Biophys. 273: 309-318. 
Wiesenborn, D.P., F.B. Rudolph and E.T. Papoutsakis. 1988. 
Thiolase from Clostridium acetobutylicum ATCC 824 and its 
role in the synthesis of acids and solvents. Appl. Environ. 
Microbial. 54: 2717-2722. 
Wiesenborn, D.P., F.B. Rudolph and E.T. Papoutsakis. 1989a. 
Coenzyme-A transferase from Clostridium acetobutylicum ATCC 
824 and its role in the uptake of acids. Appl. Environ. 
Microbial. 55: 323-329 
Wiesenborn, D.P., F.B. Rudolph and E.T. 
Phosphotransbutyrylase from Clostridium 
824 and its role in acidogenesis. Appl. 
55:317-322. 
Papoutsakis. 1989b. 
acetobutylicum ATCC 
Environ. Microbial. 
Williams, B.G. and F.R. Blatner. 1979. Construction and 
characterization of the hybrid bacteriophage lambda charon 
vectors for DNA cloning. J. Virol. 29: 555-575. 
Williams, D.R., D.I. Younq and M. Younq. 1990. Conjuative plasmid 
transfer from Escherichia coli to Clostridium acetobutylicum. 
J. Gen. Microbial. 136: 819-826. 
Winship, P.R. 1989. An improved method for directly sequencing 
PCR-amplified material using dimethyl sulfoxide. Nucleic 
Aicds Res. 17: 1266. 
·Wirth, R., A. Frieseneqqer and S. Fiedler. 1989. Transformation 
of various species of Gram-negative bacteria belonging to 11 
different genera by electroporation. Mol.Gen. Genet. 216: 
175-177. 
157 
Wood, H.G., R.W. Brown and C.H. Werkman. 1945. Mechanism of the 
butyl alcohol fermentation with heavy carbon acetic and 
butyric acids and acetone. Arch. Biochem. 6: 243-261. 
Woods, D.R. and D.T: Jones. 1986. Physiological responses of 
Bacteroides and Clostridium strains to environmental stress 
factors. Adv. Microb. Physiol. 27: 1-64. 
Woolley, R.D., A. Pennock, R.J. Ashton, A. Davies and M. Young. 
1989. Transfer of Tn1545 and' Tn916 to Clostridium 
acetobutylicum. Plasmid 22: 169-174. 
Yan, R.-T., C. Zhu, C. Golemboski and J. Chen. 1988. Expression 
of Solvent-Forming Enzymes and Onset of Solvent Production in 
Batch Cultures of Clostridium beijerinckii . ("Clostridium 
butylicum") Appl. Environ. Microbial. 54: 642-648. 
Yanisch-Perron, D., J. Vierra and J. Messing. 1985. Improved M13 
phage cloning vectors and host strains: nucleotide sequences 
of M13mp18 and pUC19 vectors. Gene 33: 103-119. 
Yerusha~i, L. and B. Volesky. 1985. Importance of agitation in 
acetone-butanol fermentation. Biotechnol. Bioeng. 27:1297-
1305. 
Yerushalmi, L., B. Volesky and T. Szczesny. 1985. Effect of 
increased hydrogen partial pressure on the acetone-butanol 
fermentation by Clostridium acetobutylicum. Appl. Microbial. 
Biotechnol. 22: 103-107. 
Yoch, D.C., J.R. Benemann, R.C. Valentine and D.I. Aron. 1969. 
The electron transport system in nitrogen fixation by 
Azotobacter. II. Isolation and function of a new type of 
ferredoxin. Proc. Natl. Acad. Sci. USA 64: 1404-1410. 
Yoshino, S., T. Yoshino, S. Hara, S. Ogata and S. Hayashida. 
1990. Construction of shuttle vector plasmid between 
Clostridium acetobutylicum and Escherichia coli. Agric. Biol. 
Chern. 54: 437-441. 
Young, M., N.P. Minton and W.L. Staudenbauer. 1989a. Recent 
advances in the genetics of the Clostridia. FEMS Microbial. 
Rev. 63: 301-325. 
Young, M., W.L. Staudenbauer and N.P. Minton. 1989b. Genetics of 
Clostridium, p. 63-103. In N. P. Minton and D. J. Clarke 
(eds), Clostridia. Biotechnology Handbooks 3. Plenum 
Publishing Corp. New York, NY. 
Youngleson, J. S., J.D. Santangelo, D. T. Jones and D .R. Woods. 
1988. Cloning and expression of a Clostridium acetobutylicum 
alcohol dehydrogenase gene in Escherichia coli. . Appl. 
Environ~ Microbial. 54: 676-682. 
·Youngleson, J.S., W.A. Jones, D.T. Jones and D.R. Woods. 1989a. 
Homology between hydroxybutyryl and hydroxy acyl coenzyme A 
dehydrogenase enzymes from Clostridium acetobutylicum 
fermentation and vertebrate fatty acid ~-oxidation pathways. 
J. Bacterial. 171: 6800-6807. 
/ 
158 
Youngleson, J.S., W.A. Jones, D.T. Jones and D.R. Woods. 1989b. 
Molecular analysis and nucleotide sequence of the adhl gene 
encoding a NADPH-dependent butanol dehydrogenase in the Gram-
positive anaerobe Clostridium acetobutylicum. Gene. 78: 355-
364. 
Yu, P.-L. and L.E. Pearce. 1986. Conjugal transfer of 
streptococcal antibiotic resistance plasmids into Clostridium 
acetobutylicum. Biotechnol. Lett. 8: 469-474. 
Zabeau, M. and K.K. Stanley. 1982. Enhanced expression of cro-~­
galactosidase fusion proteins studied under the control of 
the Pr promoter of bacteriophage A. EMBO. J. 1: 1217-1224. 
Zappe, H., D.T. Jones and D.R. Woods. 1986. Cloning and 
expression of Clostridium acetobutylicum endoglucanase, 
cellobiase and amino acid biosynthesis genes in Escherichia 
coli. J. Gen. Microbial. 132: 1367-1372. 
Zappe, H., D.T. Jones and D.R. Woods. 1987. Cloning and 
expression of a xylanase gene from Clostridium acetobutylicum 
P262 in Escherichia coli. Appl. Microbial. Biotechnol. 27: 
57-63. 
Zappe, H., D.T. Jones, W.A. Jones and D.R. Woods. 1988. Structure 
of an endo-~-1,4-glucanase gene from Clostridium 
acetobutylicum P262 showing homology with endoglucanase gene 
from Bacillus spp. Appl. Environ. Microbial. 54: 1289-1292. 
Zappe. H., W.A. Jones and D.R. Woods. 1990. Nucleotide sequence 
of a Clostridium acetobutylicum P262 xylanase gene (xynB). 
Nucleic Acids Res. 18: 2179. 
Zeikus, J.G. 1980. Chemical and fuel production by anaerobic 
bacteria. Annu. Rev. Microbial. 34: 423-464. 
Zeikus, J.G. 1983. Metabolism of one-carbon compounds by 
chemotrophic anaerobes. Adv. Microb. Physio. 24: 215-266. 
Zerner, B., S.M. Coutts, F. Lederer,H.H. Waters and F.H. 
Westhe~er. 1966. Acetoacetate decarboxylase. Preparation of 
the enzyme. Biochemistry 5: 813-816. 
